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Freshwater aquatic systems around the globe are often subjected to physical, 
biological, and chemical alterations to support societal needs. The Great Plains contains 
one of the largest agricultural industries in North America, but its productivity has 
ecological repercussions for adjacent freshwater ecosystems. Specifically, the 
dependency on surface water irrigation and application of chemical treatments has altered 
the thermal and chemical composition of freshwater ecosystems throughout the region. 
Stressors such as elevated temperatures, altered flow regimes, increased contaminant 
loads affect the physiology and behavior of fishes and can lead to long-term population 
effects. We examined thermal tolerance of Fathead minnows Pimephales promelas in two 
experiments, 1) after exposure to atrazine and 2) after an acute thermal stressor. 
Understanding the thermal dynamics of Fathead minnows and the influence of multiple 
stressors on thermal tolerance will provide insights into how changing environmental 
conditions will affect native fish populations. Furthermore, we hope this knowledge will 
allow managers to more effectively concentrate conservation efforts.
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CHAPTER 1: CRITICAL THERMAL MAXIMUM: A REVIEW 
Thesis Chapter 1 
Alexander D. Engel 
INTRODUCTION 
 Understanding an organism’s thermal tolerance is fundamental to understand its 
interactions with the environment. Many abiotic factors (e.g., temperature, pH, pollutants) 
influence on organisms can be described as: 1) lethal (i.e., the ability to destroy the integrity of 
the organism), 2) controlling (i.e., metabolic rate and growth), 3) limiting (i.e., movement and 
distribution), 4) masking (i.e., influencing other environmental factors), and 5) directive (i.e., 
stimulating a physiological response; Fry 1971). Lethal and controlling effects directly influence 
the range that organisms can tolerate, creating a zone of tolerance at which organisms can exist 
(Fry 1971). Tolerance is determined by an interaction of many factors: stage of development, 
age, physiological condition, and environmental influences (Cairns et al. 1975). Individuals have 
a tolerance that is unique to them, however if we average the tolerances from a population we 
can begin to understand species-specific tolerances.  
 Fish are poikilothermic meaning that their body temperature is regulated by the 
environment around them. While easily understood, this deceptively simple statement has 
profound implications for fisheries managers. Temperature is the abiotic master factor for fishes 
(Fry 1971; Brett 1971; Beitinger et al. 2000) and influences almost every aspect of fish 
physiology, behavior, and ultimately, populations (Fry 1971; Schmidt-Nielsen 1999; Moyle and 
Cech 2002). Increased water temperatures resulting from climate change are expected to impact 
many species (Sunday et al. 2012; Dudgeon et al. 2006; Reid et al 2018). Understanding how 
current warming trends affect fishes is crucial moving forward for effective conservation and 
management as we will be able to better predict which populations are susceptible to declines 
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and potential latitudinal shifts in population distributions (Doney et al. 2012; Perry et al. 2005; 
Chu et al. 2005; Schultz et al. 2016). 
 
HOW TO MEASURE THERMAL TOLERANCE 
Two distinct experimental methodologies have been developed to understand temperature 
tolerances in fish: the incipient lethal temperature (ILT; Fry 1947) and the critical thermal 
maximum methodology (CTM; Cowles and Bogart 1944). Each method uses time and 
temperature to examine thermal tolerance of individual fish at a specified constant temperature 
or acclimation temperature. The ILT measures thermal resistance, how long an organism can 
withstand a given temperature, while the CTM measures upper thermal tolerance, the highest 
temperature that an organism can withstand before death. 
CTM measures fish at an acclimation temperature and then applies a constant increase or 
decrease in temperature until a specified endpoint, defined by the investigator, is reached (Figure 
1-1; Cowles and Bogert 1944; Hutchinson 1961; Beitinger et al. 2000). The endpoint 
temperature is then averaged across all fish from that particular treatment and is called a Critical 
Thermal maximum (CTmax) for the upper thermal limit or Critical Thermal minimum (CTmin) for 
the lower thermal limit. CTM is useful when comparing thermal tolerances among fishes’ subject 
to the same treatments (e.g., temperature, nitrite, etc.). The ILT measures fishes’ thermal 
resistance. Resistance is the amount of time required to kill 50% of a random sample of fish once 
placed in a water temperature near the estimated upper limit of the species (e.g., time to death). 
ILT is an indirect measurement of thermal tolerance, measuring the highest or lowest 
temperatures a fish can survive indefinitely (Bennet et al. 1998). 
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Whether ILT or CTM is best for determining thermal tolerance depends on the question 
the researcher is asking.  ILT (static method) studies may be more important for aquatic 
organisms because they are subject to a much slower environmental temperature change 
(Hutchinson 1976). Becker and Genoway (1979) concur that the ILT method should “always be 
used to determine upper thermal tolerance limits of fish for the purpose of establishing water 
quality standards,” because the data more accurately represent responses to threatening thermal 
maxima in aquatic environments. In contrast, Bennet and Judd (1992) when comparing methods, 
specifically ILTmin and CTmin, found that static methods can provide useful standards for 
comparison but dynamic experiments are more accurate predictors of responses by naturally 
occurring fish populations. And even Fry (1946), creator of the static method, concluded that 
static experiments have little or no direct application in the field. 
CTM studies have many practical benefits compared to ILT studies. First, they are 
relatively cheap and easy to conduct. Second, CTM does not require the large amounts of fish 
necessary to conduct ILT tests and fish are not killed during the trial, unless death is selected as 
the endpoint. Last, and most important, CTM can also be used to explore multiple factors for 
stress analyses. For example, CTM was used to evaluate the combined effects of warming and 
hypoxia on Chinook Salmon Oncorhyncus tshawytscha in the embryo, alevin, and fry life stages 
(Del Rio et al. 2019).  
CTmax is one of the most common methods used to assess upper thermal limits in 
ectotherms, yet no general consensus exists on the protocol. Investigators are often assailed by a 
broad range of values from many methodologies making comparisons between studies difficult 
and sometimes dubious (Moyano et al. 2017, Beitinger et al. 2000). CTM can be a powerful tool 
used to investigate the interactions of multiple stressors on organisms (Todgham and Stillman 
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2013). Renewed interest in the use of CTmax and its application to global climate change, 
invasive species, and increases in pollution requires reassessment of the procedures involved 
(Becker and Genoway 1979).  
  
IMPORTANCE OF ACCLIMATIZATION TEMPERATURE & TIME ON CTM 
     Acclimation is the compensation made to a single environmental variable (Hutchinson 1976). 
Fish held at a constant temperature are considered to be acclimated to that temperature.   
Acclimatization is the adjustment made to two or more environmental factors (Hutchinson 
1976). Wild fish are acclimatized to their natural environment must be acclimatized to a 
laboratory environment before any experiments can take place. It is important to remember that 
fish brought into a laboratory are not just being acclimated to one variable, they are subject to a 
host of changes from their natural environment. Thus, we will use the term acclimatization when 
referring to rearing and holding fish before trials and acclimation when talking about a fish’s 
response to CTM tests. 
The acclimatization temperature and time of a fish is known to have a direct effect on the 
result of CTM studies (reviewed by Beitinger and Bennet 2000; Bennet et al. 1998; Golanov 
2012). In general, greater acclimation temperature results in greater heat tolerance (Beitinger and 
Bennet 2000). Time acclimating to holding conditions or acclimatization time ranged from 2 
days (Heath et al. 1994) up to 35 days (Watenpaugh and Beitinger 1985), with most studies 
acclimatizing fish from 14-21 days before conducting CTM tests. However, acclimatization rate 
data and comprehensive evaluations of rates across a wide range of temperatures are available 
for relatively few fish species (Bennet et al. 1998).  Due to the influence of acclimatization time 
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on measured CTM, we suggest a standard 21 days acclimatizing to holding conditions before 
conducting CTM tests.  
  
RATE OF TEMPERATURE CHANGE  
Appropriate heating or cooling rates depend on the method (ILT or CTM), life stage, and 
species under investigation. For example, investigations into thermal tolerance of two salmonids 
exposed to nickel determined that a 6 °C hour-1 was more appropriate (Becker and Wolford 
(1980). When faster heating rates were investigated (0.5 to 9 °C hour-1) on Atlantic Herring 
Clupea harengus, faster warming rates significantly increased larval CTmax (Moyano et al. 2016). 
Conversely, when slower heating rates were applied (rates of 0.1, 0.5, 1 °C min-1) lower CTmax 
values were recorded (Hutchinson 1961; Cox 1974; Mora and Maya 2006). Measured CTMs are 
often greater than ILTs. ILT values of Coho Salmon Oncorhyncus kisutch acclimated to 
temperatures of 5-23 °C exhibited ILT values from 22.9- 25.0 °C (Brett 1952), whereas CTmax 
values of Coho Salmon acclimated to 5 and 15 °C with various rates of temperature increase (1 
°C h-1 up to 60 °C h-1) ranged from 25.01- 29.63 °C, well beyond the ILT values (Becker and 
Genoway 1979). Therefore, caution is needed when comparing studies with different heating 
rates, as different species and methods may result in different values. 
To accurately measure CTM, the heating rate must be such that the internal body 
temperature of the fish closely follows that of water in which they are placed. Too fast or too 
slow may allow significant temperature lag to occur resulting in higher or lower tolerances being 
recorded (Cox 1974; Hutchinson 1976; Becker and Genoway 1979; Mora and Maya 2006). Due 
to the possible influence of heating rate on measured CTM, we suggest use of a standard heating 
rate proposed by Becker and Genoway (1979) of 0.3 °C min-1 or 18 °C hour-1.  
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THE END POINT 
Appropriate CTM endpoints should carefully selected, defined and justified by the 
investigator. Common CTM endpoints are: loss of equilibrium (LOE) or onset of muscular 
spasms (OS), and less common: erratic swimming (Mora and Maya 2006), cessation of opercular 
movement (Bettoli et al. 1985), non-reaction to prodding with a glass rod (Heath et al. 1994), and 
combinations of the above. Behaviors such as LOE and OS are consistent across taxa because 
they are governed by physiological limits (Lutterschmidt and Hutchinson 1997). OS of fish as 
defined by Lutterschmidt and Hutchinson (1997) is disorganized and high frequency muscular 
movements, rigidity of pectoral fins, and especially, high frequency quivering of the opercula. 
OS has been argued to be a more definitive endpoint because of its greater precision and 
physiological relevance (Lutterschmidt and Hutchinson 1997). LOE is defined as when a fish 
loses ability to right itself (Watenpaugh et al. 1985). LOE is also a consistent endpoint, with 
standard deviations for CTmax using LOE often less than 1 °C (Beitinger et al. 2000). 
Anecdotally, LOE is far more represented in the literature than OS or other endpoints. Both OS 
and LOE represent inescapable conditions in the wild leading to the fish’s death (Beitinger et al. 
2000). 
 
MULTIPLE STRESSORS  
Organisms live within a preferred range of abiotic factors, and are able to acclimate, 
within limits, to factors greater or lower than their preferred range (Eddy and Handy 2014). 
Large changes in abiotic environmental factors result in stress, reduced fitness, and mortality 
(Stress paper).  A fish’s tolerance to a single environmental factor, such as temperature, is 
typically greater than their tolerance of combinations of multiple factors studied simultaneously 
(Lutterschmidt and Hutchinson, 1997). Given the complex nature of ecosystems and interactions 
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bewtween multiple stressors, CTMs provide a valuable method to investigate in experimental 
conditions the influences of these factors (ie., heavy metals, nutrients, hypoxia, etc.) on 
organisms. 
For example, Coho Salmon and Rainbow Trout Oncorhynchus mykiss exposed 16mg Ni 
L-1 for 14 days found thermal resistance lowered by almost 3 °C (Becker and Wolford 1980).  
Exposure of Red Shiner Cyprinella lutrensis to atrazine and terbufos (Messaad and Young 
2000), Channel Catfish Ictalurus punctatus to nitrite (Watenpaugh and Beitinger 1985), Fathead 
Minnows Pimephales promelas to selenate (Watenpaugh et al. 1985), and Central Stoneroller 
Minnow Campostoma anomalum to phenol (Chagon and Hlohowsky 1989) all showed reduced 
thermal tolerance. Glyphosate isopropylamine (Roundup) reduced thermal tolerance of 
Austrolebias nigrofasciatus by 2.6 °C (Zebral et al. 2018). The exception to decreasing thermal 
tolerance was that of the Death Valley Pupfish Cyprinodon sp. which showed increasing thermal 
tolerance at increasing salinities (Otto and Gerking 1973).  
 
SUB-LETHAL DOSAGE STUDIES 
Studies that address CTM with an additional stressor often need to determine what the 
sublethal doses of the contaminant are. A common method is to employ a median lethal 
concentration test (LC50), defined as the concentration of contaminant to which organisms are 
exposed which is estimated to be lethal to 50% of the test organisms (van Leeuwen and Vermeire 
2007). This is very similar to the ILT method, with temperature being the lethal factor in that 
test. Watenpaugh and Beitinger (1984) exposed fathead minnows to acute 24-hour exposures of 
selenium determined 60mg Se/l or less were sublethal doses. Heath et al. (1994) conducted 96-
hour trials on fathead minnows exposed to synthetic pyrethroid cyfluthrin (an insecticide) to 
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determine sublethal concentrations. Alcarez et al. (1996) exposed white shrimp (Penaeus 
setiferus) to a 72-hour LC50 looking for sublethal doses of ammonia and nitrite. Bioassays, such 
as LC50 tests, come with their own biases and assumptions. The LC50 mean value is dependent on 
time exposed, yet the examples above each use a different exposure interval, 24, 72, and 96 
hours. Scientists should consider this before defining what sublethal levels of contaminants are 
and be especially cognizant when considering sublethal levels to use during CTM experiments.  
 
ADDITIONAL VARIABLES TO CONSIDER 
With additional complexity, it is important to keep in mind other variables which could 
affect CTM values. Life stage has a large effect on thermal tolerance as larvae and juvenile 
stages have a more restricted temperature range compared to adults (Eddy and Handy, 2014). 
Comparisons of the effects of thermal tolerance on larval Atlantic Herring Clupea harengus and 
European Seabass Dicentrarchus labrax, found significant differences between yolk-sac larvae 
and those feeding exogenously (Moyano et al. 2017). Thermal tolerance of Delta Smelt 
Hypomesus transpacificus decreased among successive life stages, with larval smelt having the 
highest CTM (mean = ~30°C) and post-spawn adults having the lowest CTM, ranging from just 
above 24°C to around 27°C (depending on acclimation temperature; Komoroske et al. 2014). 
Seasonal variation of thermal tolerance (Lowe and Heath 1969; Scott, 1987; Kowalski et al. 
1978), spawning (Pyron and Beitinger 1993), and fish size (Ospina and Mora 2004) are also 
important when conducting CTM tests. 
 
CONCLUSION 
Hutchinson (1976) makes a plea for better appreciation of the factors that influence the 
thermal tolerance of ectotherms. We would reiterate this plea and call for further examination of 
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the methodologies used when conducting CTM studies. Factors influencing thermal tolerance, 
including genetic and environmental, are many and varied. Cohesive standardized methods and 
sound scientific reason are more important than ever when comparing complex multiple stressor 
assessments of fishes. Our examination of the literature found a lack of studies investigating 
agricultural runoff, acclimation time, and prolonged chronic exposure to contaminants effects on 
thermal tolerance. Future examination of fishes’ thermal tolerances and additional stressors 
should be focused in these three areas.   
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Figure 1-1. Description of the critical thermal maximum (CTM) method. Fish are exposed to a 
constant linear increase in water temperature until the selected sublethal endpoint is reached. 
Once this endpoint is reached, the fish is quickly returned to its pretest acclimation temperature 
and checked for survival. The endpoint temperature equals the CTM which occurs prior to 
physiological death. CTM data obtained for a sample are usually described via the mean and 
standard deviation. Taken from Beitinger et al. (2000). 
 
  
15 
 
 
CHAPTER 2: THERMAL TOLERANCE OF FATHEAD MINNOWS AFTER 
ACUTE AND CHRONIC EXPOSURE TO ATRAZINE 
Thesis Chapter 2 
Alexander D. Engel 
Abstract: 
 Freshwater aquatic systems around the globe are subjected to physical, biological, and 
chemical alterations to support societal needs. The Great Plains contains one of the largest 
agricultural industries in North America, but its productivity has ecological repercussions for 
adjacent freshwater ecosystems. Specifically, the dependency on surface water irrigation and 
application of chemical treatments has altered the thermal and chemical composition of 
freshwater ecosystems throughout the region. Understanding how thermal and chemical 
gradients effect freshwater species is critical to inform the relationship between land use and 
freshwater ecosystem function.  We examined these gradient effects by measuring thermal 
tolerance of juvenile fathead minnow Pimephales promelas after exposure to dynamic 
concentrations of atrazine (low ~ 10 ppb, medium ~100 ppb, and high ~500 ppb), a commonly 
applied agricultural herbicide. Thermal tolerance of fathead minnows (min = 31.7 °C; max = 
35.6 °C) exceeded temperatures (max 29.57 °C) observed at a reference site with atrazine 
contamination and documented populations of fathead minnows, Shell Creek, Nebraska, USA. 
Fathead minnows may be compensating for dosage of atrazine at a cellular level and further 
investigation is needed to see how potential interactions between contaminant and thermal 
tolerances will affect native fish populations. 
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INTRODUCTION 
Fresh water accounts for only 0.01% of water on the planet and is necessary to sustain the 
needs of society (Dudgeon et al. 2006). As the human population has increased, humanity’s need 
for fresh water has followed suit. Consequently, many freshwater systems have undergone 
physical or chemical alterations, directly or indirectly, to support the demands of a growing 
human population. Globally, river and stream systems have been altered through damming, 
channelization, nutrient loading, and pesticide runoff (Dodds et al. 2004), ultimately resulting in 
a loss of biodiversity and ecosystem services provided by these systems (Vörösmarty et al. 
2010). In the Midwestern U.S., agricultural development has made water-soluble, pre-emergent 
herbicides ubiquitous across the landscape, impairing many stream ecosystems (Hansen et al. 
2019). The presence of herbicides, such as atrazine, in agricultural systems is due to repeated 
application, agricultural runoff in surface waters, leaching of herbicides into groundwaters, and 
slow biodegradation (Shapir and Meandelbaum 2002, cited by Hansen et al. 2019).  The 
persistence of these herbicides in surface and groundwater systems (Klint et al. 1993) is both a 
concern for human health and for aquatic ecosystems, since the temporal longevity of these 
chemicals creates an environment contaminated without reprieve.  
Atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-s-triazine), first registered with the 
United States Department of Agriculture in 1958, has become one of the most widely used 
herbicides globally (Wu et al. 2009). Atrazine is primarily used to control broadleaf weeds in 
corn, sorghum, and sugarcane, but is also approved for use on soybeans, wheat, oats, macadamia 
nuts, and guava, among others. The European Union banned the use of atrazine in 2004 over 
concerns as a groundwater contaminant; however, atrazine is still commonly used in the United 
States and is one of the most frequently detected herbicides in U.S. surface and ground waters 
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(Gilliom et al. 2006; Ryberg and Gilliom 2015). Atrazine has been labelled as a primary threat to 
non-target aquatic species (Hansen et al. 2019) and is known to have an impact on aquatic 
microorganisms, macrophytes, invertebrates, and vertebrates by radically altering community 
structure and trophic dynamics (Graymore et al. 2001). Past research has focused on lethality 
(Bathe et al 1973; Neškovic et al. 1993; Hussein et al. 1996; Nwani et al. 2010), effects on 
endocrine systems by inducing hermaphroditism in both fish and amphibians (Fan et al. 2007; 
Rohr et al. 2005; Rohr et al. 2009; Hayes et al. 2010), and as a chemical barrier to fish movement 
(Araújo et al. 2018). However, there is a lack of research into how atrazine affects other 
physiological processes, such as metabolism or thermal tolerance.  
While contaminant tolerance has been researched with variables applied in isolation, 
rarely do studies investigate the effects of multiple variables in concert. Organisms do not 
experience just a single stressor but multiple stressors simultaneously at different spatial and 
temporal scales. There is an increasing need for studies that investigate stress effects by 
simulating conditions that fish would experience in the wild, specifically, interactions between 
stressors in ecologically-relevant scenarios (i.e., at differing time scales and with multiple 
stressors; Todgham and Stillman 2013; Jackson et al. 2016). Climate change is predicted to 
induce additional stress in many species by altering environmental variables, such as water 
temperatures, water velocities, food webs, nutrient loads, dissolved oxygen, and invasive species, 
among many others (Pörtner and Peck 2010; Denley et al. 2019;  Sunday et al. 2012). These 
variables can potentially alter short-term behavior and physiology, and ultimately lead to 
changes in population dynamics and long-term population effects (Reid et al. 2018; Dudgeon et 
al. 2006; Poff et al 2002). Temperature in particular is the “abiotic master factor” for fishes 
influencing almost every aspect of a fish’s life (Brett 1971). The effects of temperature on 
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organisms are: 1) lethal (i.e., the ability to destroy the integrity of the organism), 2) controlling 
(e.g., metabolic rate and growth), 3) limiting (e.g., movement and distribution), 4) masking (i.e., 
influencing other environmental factors), 5) directive (i.e., stimulating a physiological response), 
or multiple of these in conjunction (Fry 1971). The effects of chemical contaminants on 
organisms can be summarized under the same framework. Therefore, we determined to examine 
the effects of both temperature and chemical contaminants on the physiology and behavior of 
organisms by measuring thermal tolerance. 
We defined a “stressor” as a stimulus or challenge that elicits a response in an individual 
(Wedemeyer and McLeay 1981). A stressor may elicit different responses: passive (no response), 
behavioral (avoidance), physiological (acclimation capacity and tolerance), or biochemical 
(synthesis of new molecules, i.e., stress proteins; heat shock proteins; Beitinger and McCauley 
1990). The response may also be additive (the effect of one added onto another), antagonistic 
(each effect negates the other), or nonlinear synergistic effects (small shifts having a great impact 
on performance and unpredictable outcomes) (Todgham and Stillman 2013).  An adaptive 
response reflecting compensatory or acclamatory processes requires the organisms to use energy 
to restore homeostasis or offset the effects of a stressor or maladaptive response that can lead to 
decreased performance or death (Beitinger and McCauley 1990; Eddy and Handy 2012). 
Stressors can be broadly categorized into two categories, acute and chronic. Acute stressors 
occur over short periods of time (e.g., minutes, hours, days) while chronic stress happens over 
broader time scales (e.g., weeks, months, years).  
The Great Plains contains one of the largest agricultural industries in North America, but 
its productivity has ecological repercussions for adjacent freshwater ecosystems. Historically, 
this region is characterized by small streams with intermittent flows, and rivers that are wide, 
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shallow, and have braided channels. These systems are predisposed to extreme temperature 
fluctuations as well as abrupt changes in discharge and turbidity (Fessel 1996; Dodds et al. 
2004). Depending on the season, water temperatures may fluctuate in excess of 10°C per day 
(Fessel 1996). Fishes living in the Great Plains experience both acute thermal stress and chronic 
chemical stress. These natural ecological characteristics coupled with global change and 
exacerbated by physical and chemical alterations from anthropogenic disturbances can have 
devastating consequences for aquatic life.  
Estimation of thermal tolerances for fish species can be useful for investigating how 
temperature serves to limit distribution. Important information about exposure frequencies and 
thermal tolerance thresholds can help to understand how population dynamics and community 
assemblages may shift in response to changes in the thermal regime or the range of temperatures 
an organism will encounter. A common bioassay to assess the possible interplay of various 
chemical contaminants on the upper temperature tolerance of fishes is the Critical Thermal 
Maximum (CTmax).  
During a CTmax test, fish are heated from an acclimation temperature at a constant rate 
until a selected endpoint is reached, usually prior to mortality. Most individuals within a species 
exhibit similar behaviors moments before death, leading to the use of different endpoints by 
researchers when using different species (Beitinger and McCauley 1990). These include onset of 
muscle spasms (Mathews and Maness 1979; Lutterschmidt and Hutchinson 1997), final loss of 
equilibrium (Watenpaugh et al. 1985; Beitinger et al. 2000), non-reaction to prodding with a 
glass rod (Heath et al. 1994), cessation of opercular movements (Bettoli et al. 1985), and 
combinations of the above. The rate of temperature change must be slow enough so that core 
body temperature does not significantly lag behind water temperature, and rapid enough that fish 
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do not have time to reacclimate during the trial (Cox 1974; Becker and Genoway 1979). At the 
pre-defined endpoint the fish is rescued, and quickly transferred back into its acclimation 
temperature water. The most influential factor affecting CTmax of fish is acclimatization time and 
temperature (Beitinger and Bennett 2000; Golovanov 2012; Beitinger and McCauley 1990). In 
general, an increase in acclimation temperature leads to an increase in CTmax of fishes, however, 
the rate of acclimatization is less well understood (Beitinger et al. 2000).  
The dependency on surface water irrigation, application of chemical treatments, and 
subsequent runoff has altered the thermal and chemical composition of freshwater ecosystems 
throughout the Midwest (Nowell et al. 2018). Given the historical degradation of these 
ecosystems and the environmental shift driven by global climate change, it is imperative that we 
begin to understand how a given type of stressor, such as chemical contamination, may influence 
physiological limits, such as thermal tolerance. Therefore, our objectives were to assess 1) the 
thermal tolerance of Fathead Minnows Pimephales promelas (Rafinesque 1820) tested in solvent 
control (methanol) and control (no additive) water, 2) determine thermal tolerance after chronic 
exposure to high, medium, and low concentrations of atrazine, and 3) determine the thermal 
tolerance of Fathead Minnows after acute exposure to concentrations of atrazine.  
  
METHODS 
Species 
Fathead Minnows are ubiquitous in the continental United States and frequently used for 
toxicity testing (Ankley and Villeneuve 2006; USEPA 2006; USEPA 1987). In Nebraska, 
Fathead Minnows were found in sandhills prior to settlement by early pioneers (Aughey 1880) 
and today are found throughout the state both in streams, rivers, lakes, and reservoirs. This 
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species is omnivorous, has a high reproductive potential (Andrews and Flickinger 1974), and are 
an important forage fish for many species including Yellow Perch Perca flavescens, Northern 
Pike Esox lucius, Walleye Sander vitreus, and Largemouth Bass Micropterus salmoides. 
Thermal tolerance (Beitinger et al. 2000) and life history of this species are also well 
documented. This species is tolerant of a wide range of basic water quality conditions (pH, 
alkalinity, turbidity, and temperature; McCarraher and Thomas 1968; Brungs 1971). If thermal 
tolerance of a tolerant species is affected by contaminants then much more sensitive species (i.e., 
endangered or threated species) will likely be affected more strongly. Therefore, we hope to gain 
insights into how interactions between land use and aquatic habitat affect fish communities.  
 
Acclimatization Conditions 
 Juvenile Fathead Minnows (age > 40 days old) were obtained from Aquatic BioSystems 
(Fort Collins, CO, USA) and transported to the University of Nebraska-Lincoln Fish 
Conservation, Behavior, and Physiology Lab (Lincoln, NE, USA) in August 2018. Fish (n = 304) 
were randomly distributed into 38.854 L glass aquaria (n = 12) placed side-by-side within two 
waterbaths (Figure 2-1). Fish density was uneven, ranging from 14-38 fish per tank (Table 2-1). 
Tanks were filled to 30 L and elevated on bricks and spaced so that all re-circulated water filters 
(Marineland Bio-Wheel Penguin 100 power filter©) could maintain circulation of water around 
the aquaria, thus maintaining a constant temperature within tanks.  
An opaque rubber sheet was placed between tanks to ensure no interaction of fish 
between tanks. Six tanks were spiked with atrazine, 2 tanks spiked with methanol, and 4 tanks 
were kept as controls (Figure 2-2). Fish were acclimatized to tank conditions for 21 days prior to 
experimentation. Water quality conditions were maintained during acclimatization and 
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throughout the course of the experiment: (data reported as mean ± SD) Temperature, 17.3 ± 
0.5°C; pH, 8.2 ± 0.0; dissolved oxygen, 8.8 ± 0.4 mg L-1; total ammonia, 0.1 ± 0.2 mg L-1; NO2, 
0.8 ± 2.1 mg L-1; NO3, 12.1 ± 4.8 mg L
-1 (Table 2-2). Minnows were fed freeze dried brine 
shrimp or bloodworms, ad libetum, twice daily (except on weekends, where they were fed once 
daily; EPA 2006). Photoperiod was maintained at 12 h light, 12 h dark with timers.  We 
conducted quarter tank water changes daily (~7 L) with 1 L beakers and new water replaced 
from four 65-gallon water tanks spiked with atrazine and methanol (Low ~10 ppb, Medium 
~100ppb, High ~500ppb, and MeOH ~33ppm, respectively). Atrazine water removed from tanks 
during water change was disposed into 55-gallon drums. University of Nebraska-Lincoln 
Environmental Health and Safety environmental specialists disposed of drums.   
 
WATER QUALITY 
To determine the range of experimental concentrations of atrazine we analyzed water 
quality data collected from Shell Creek, Platte County, Nebraska by the Nebraska Department of 
Environment and Energy (NDEE) from 2002-2014. In 2006, the Environmental Protection 
Agency (EPA) designated Shell Creek as an impaired watershed due to atrazine concentration. 
Mean atrazine in Shell Creek from 2002-2014 was 2.9490 µg L-1.  Atrazine levels fluctuated 
from 0.00 µg L-1 to 104.03 µg L-1 with peak flows during the spring and low flows throughout 
the rest of the year (Table 2-3). The highest recorded atrazine concentration was 104.04 µg L-1 in 
May 2003, however spikes in atrazine were seen during the spring in subsequent years (Figure 2-
4). From this data we determined spring conditions are likely to be stressful for fish due to 
interacting effects of both temperature and pollution. Our medium atrazine water tanks reflected 
average atrazine levels in Shell Creek during the spring season (April-June), while low atrazine 
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water tanks reflected average atrazine concentration in Shell Creek from 2002-2014. High 
concentrations were representative of increased atrazine spikes seen periodically during the 
spring. 
Atrazine Spikes 
We made three different concentrations of atrazine at the Nebraska Water Center Water 
Sciences Laboratory (WSL) using the herbicide-making protocol for a target concentration of 
500, 100, and 10 µg L-1. We then spiked acclimatization tanks to with these concentrations of 
atrazine. Filters in the acclimatization tanks contained activated carbon to remove build-up of 
nitrogenous waste, and likely interacted with atrazine concentrations in our systems (Dvorak and 
Skipton 2013). Final atrazine concentrations were lower than target concentrations by at least 
50% in each of our acclimatization tanks and varied throughout the course of the experiment 
(Table 2-4).  
Atrazine spikes were made using pure atrazine in powder form, which does not dissolve 
in water. Therefore, we dissolved atrazine in methanol (MeOH) to insure dispersal of atrazine 
throughout acclimatization tank. 500 µg L-1 spikes were used to make the 100 and 10 µg L-1 
spikes via dilution. Powdered atrazine was first carefully weighed into a glass vial, mass was 
recorded (to 5 decimal places) and then corrected for purity (CF): 
𝑀𝑎𝑠𝑠 𝑥 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐶𝐹)  =  𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 
Methanol was then calculated for solution in milliliters (MeOH Calc. mL) and then converted to 
grams (MeOH Calc. g):  
(𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠/𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) 𝑥 1000 =  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐶𝑎𝑙𝑐. (𝑚𝐿)  
𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐶𝑎𝑙𝑐. (𝑚𝐿) 𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (0.7914) 𝑜𝑓 𝑀𝑒𝑂𝐻 =  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝐶𝑎𝑙𝑐. (𝑔) 
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The scale was then tared and methanol was carefully pipetted into vials until Methanol Calc. (g) 
was reached. The weight of methanol added was recorded into Methanol Actual (g). Final 
concentration was then calculated:  
(𝑀𝑎𝑠𝑠 𝑥 𝑀𝑒𝑂𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑥 1000)/ 𝑀𝑒𝑂𝐻 𝐴𝑐𝑡𝑢𝑎𝑙 (𝑔)  =  𝐹𝑖𝑛𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑔 𝐿 − 1) 
Atrazine spikes were then put into a sonicator until cloudiness faded and clear solution remained.  
An example is listed in Appendix A. 
 
Water Samples 
A total of 36 water samples were taken over the course of the experiment to be analyzed 
for pesticide concentration. Water samples were collected in amber bottles once weekly from 
acclimatization tanks spiked with atrazine and frozen (-33 °C) at the WSL. Six samples were lost 
due to cracking in the freezer and were unable to be recovered. Five of these samples were lost 
from week six. Only one tank had a full tangent of water samples (Tank 4F). All tanks had at 
least five samples ran with the average being six samples ran. Water samples were processed and 
analyzed for atrazine using High Pressure Liquid Chromatography (HPLC). 
 
Herbicides in Water by Solid Phase Extraction (SPE) and HPLC  
Water samples were thawed and extracted by solid phase extraction (SPE) for dissolved 
pesticide analysis at the WSL. 0.03 L of water from acclimatization tanks was filtered through 
0.45 µm glass microfiber filters and spiked with 100 µL propazine surrogate at 0.003 ng L-1. The 
mixture was directed under vacuum to Oasis HLB 3cc (60mg) cartridges (Waters Corporation, 
Milford, MA, USA) preconditioned with 0.03 L methanol, followed by 0.03 L deionized (DI) 
water. Eluent was blown down to 300 µL under a steady stream of nitrogen gas. 90 ng µL-1 
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internal standard of terbutylazine and 90 µL deionized-water were added. 150 µL DI water and 
150 µL methanol was added to eluent and then transferred to a GC autosampler vial fitted with a 
300 µL conical spring insert for high pressure liquid chromatography analysis (HPLC; Table 2-
5).  
All water extracts were analyzed for pesticides using HPLC analysis. Samples were 
tested for 13C3-atrazine, 
13C3-deethylatrazine (
13C3-DEA), and 
13C3-deisopropylatrazine (
13C3-
DIA). These two metabolytes of atrazine, 13C3-DEA and 
13C3-DIA, are formed by photolysis and 
biodegradation (Graymore et al. 2001). 13C3-DEA is considered to be almost as toxic as atrazine 
(Winkelmann and Klaine 1991). Propazine was used as a surrogate as it has a similar chemical 
makeup to atrazine. A blank consisting of deionized water and a dummy sample, deionized water 
spiked with a known concentration of analyte and surrogate, were also tested. Raw water data are 
included in Appendix C. 
 
Critical Thermal Maximum Experiment 
We used a full factorial design to determine treatment of fish for the experiment, meaning 
we conducted thermal tolerance tests all possible combinations of control, low, medium, and 
high with the addition of a cross for solvent control, as well. Control treatments included control 
fish in control water (no atrazine present) and also fish acclimated to tanks with methanol water 
to ensure that methanol in atrazine spikes had no effect on critical thermal maximum of Fathead 
Minnows. Fish acclimated to atrazine water and tested in atrazine water were classified as the 
Chronic Treatment. Fish acclimated to atrazine water and tested in control water were classified 
as an Acute treatment. Fish acclimated to control water tested in atrazine water were also 
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classified as an Acute treatment, for a total of 19 treatments. Analyses were separated into Acute, 
Chronic, and Control treatments.  
Experiments were conducted in a standard 45.425 L cooler with a heating rod, bricks, 
pumps and beakers placed in standardized orientation (Figure 2-5) by two person teams; one 
person recorded temperature data (the recorder) from a digital thermometer placed into each 
beaker, and the other person (the observer) observed when CTmax was reached. Time and 
temperature of the beakers was kept hidden from the observer to limit bias to when CTmax was 
reached. Beakers were filled to 1 L mark with correct water treatment, fish were placed in the 
beakers, and finally beakers with fish were placed on top of bricks within the coolers (beakers; 
B1, B2, B3, and B4).  Durac® Digital, Dual Zone Probe Thermometers were placed in beakers 
(Figure 2-5).  
Fish were allowed to acclimate to the beaker and cooler for 20 minutes with the cooler lid 
closed prior to start of experiment. Temperature was recorded after a 20 minute acclimation (TA) 
and a heating rod was placed in the cooler. The start of experiment was determined when 
temperature in one beaker was raised by 1°C (T0). Heating rate was maintained as close to 
0.3°C/minute as possible for the duration of experiment. Fish were monitored by the observer 
and temperature was recorded by the recorder every 2 minutes until the final endpoint was 
reached. We defined the endpoint as loss of equilibrium (LOE), when fish were no longer able to 
right themselves after gentle prodding with a glass rod or cessation of opercular movement was 
observed. Temperature and time at the endpoint were recorded and fish were moved to 2L 
beakers filled with control water (no atrazine present) at acclimation temperature.  
Fish were allowed to recover in beakers (marked to match the beaker the fish came from 
(eg. B1, B2, B3, and B4)) until normal activity was observed (movement and regular opercular 
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movement). Fish were then moved to a recovery tank with individual enclosures marked to keep 
track of individual fish (eg. 1B1, 1B2, 1B3, 1B4, 2B1, etc.). Fish were kept in the recovery tank for 
24 hours post experiment. Fish that did not survive 24 hours post-experiment were removed from 
the analysis. After a 24-hour recovery period fish were euthanized in a solution of buffered MS-
222 (500 mg L-1), salt (8.5 g L-1), and sodium bicarbonate (600 mg L-1). Body mass and length 
were collected from all fish for later analysis. Specimens were then stored in a -20°C freezer.  
 
Analysis 
 Chronic (fish acclimated and tested in same water), acute (crosses of acclimated fish 
and differing water treatments), and control (methanol and control) treatments were analyzed 
separately. Statistical analyses were performed using the R core package (R Development Core 
Team 2018) and car (Fox and Weisberg, 2011), plyr (Wickam, 2011) packages. Data were 
visualized using package ggplot2 (Wickam, 2009). Thermal responses (CTmax) were analyzed 
independently as a function of treatment type (ie. Chronic, Acute, and Control) and fish weight 
(g) using a simple linear regression (SLR) and subsequent F-value significance tests (ANOVA, 
Type II). Tukey’s HSD post-hoc significance tests were used with the agricolae package (de 
Mendiburu 2020) to evaluate significant differences among sample means. Significance was 
considered at α ≤ 0.05. 
 
RESULTS 
Mortality  
We evaluated whether atrazine was affecting survival of Fathead Minnows during 
acclimatization and after thermal tolerance tests. We observed one mortality during 
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acclimatization period in a control tank. A total of 20 mortalities occurred within 15-20 minutes 
after thermal tolerance tests. One mortality occurred after the trial in the recovery tank, most 
likely due to transfer stress. Most mortalities occurred in chronic treatments acclimated to 
“medium” atrazine water (n = 4; Table 2-6), second highest was methanol fish tested in control 
water (n = 3; Table 2-8).  However, most treatments had at least one mortality (Tables 2-6, 2-7, 
2-8). Due to the relatively low number of data points and that mortality was evenly distributed 
across treatments we determined that atrazine was not affecting survivability of Fathead 
minnows. None of the data from fish experiencing mortality are included in subsequent analysis.  
 
Tank Density  
 Acclimation tank density was not equal for tanks therefore we wanted to evaluate 
whether tank density influenced thermal tolerance of Fathead Minnows. Control tanks (n = 4) 
had the lowest densities (min. fish = 14, max. fish = 22) with an average density of 18 fish per 
tank. Methanol tank 5F had the highest density with 38 fish (Table 2-1). Tanks with atrazine 
treatments (“low”, “medium”, and “high”) had a mean of 28 fish per tank, a maximum fish 
density of 35 fish (Tank 5E~”high atrazine”), and a minimum of 25 fish per tank (Table 2-1). 
Tank density changed throughout the experiment as fish were taken out, tested, and removed 
from the population (Figure 2-6). Acute treatment tank density was tested against thermal 
tolerance (ctTemp~Density, data = Acute) and was found to have no effect on CTmax (d.f. = 1, F1, 
169 = 2.630, P = 0.126). Chronic treatment tank density was tested against thermal tolerance 
(ctTemp~Density, data = Chronic) and was also found to have no effect on CTmax (d.f. = 1, F = 
1.000, P = 0.322). Control groups had a similar outcome, no effect on CTmax (ctTemp~Density, 
data = ControlData; d.f. = 1, F = 0.786, P = 0.380). Although, density effects on thermal 
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tolerance are not well understood, we did not determine tank density to significantly affect 
thermal tolerance in any of the treatments.  
 
Atrazine Water Samples  
Atrazine concentrations fluctuated in acclimatization tanks throughout the experiment 
(Figure 2-7). We found that concentrations were distinct between tanks and could be used to 
determine the dose response of atrazine on CTmax. (Atrazine~Tank, data = WaterData; d.f = 5, F5, 
30 = 38.993, P < 0.05; Figure 2-8). Atrazine was log transformed due to unequal variance among 
treatments (logAtr~Tank, data = WaterData; d.f. = 5, F5, 30 = 37.759, P < 0.05), and a post-hoc 
Tukey test indicated significant differences in treatment groups (Figure 2-9). Overall, atrazine 
ranged from 0.500 to 344.500 µg L-1 with a mean ± SD of 88.243 ± 110.290 µg L-1 (Table 2-4). 
Atrazine (Figure 2-8) fluctuated weekly: high concentrations ranged from 105.860 to 344.500 µg 
L-1  with a mean ± SD of 232.588 ± 73.712 µg L-1, medium concentrations ranged from 1.810 to 
56.010 µg L-1  with a mean ± SD of 33.038 ± 14.721 µg L-1, and low concentrations ranged from 
0.510 to 11.490 µg L-1 with a mean ± SD of 3.995 ± 3.383 µg L-1. Interestingly, 13C3-DEA was 
only found in one sample at a concentration of 8.140 µg L-1 (week 3 in tank 4B a high atrazine 
tank; See Appendix C), while 13C3-DIA was not found in any samples. Due to absence or 
detectability we did not include 13C3-DEA and 
13C3-DIA concentrations into our analysis of 
CTmax of Fathead Minnows. 
 
Control CTmaximum 
 CTmax of control fish (those fish acclimated in methanol water and control water) at 18 °C 
(ctTemp~Levels + Weight, data = Control) was fitted (P = 0.281) with the following 
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relationship: CTmax’ (°C) = 33.89107 -0.18966(Methanol) - 0.15862(Control/Methanol) - 
0.01388(Methanol/Control) + 1.46618(Weight (g)). An ANOVA of our model revealed that fish 
weight was found to affect thermal tolerance (d.f. = 1, F = 4.267, P = 0.045), while fish weight 
did not affect the thermal tolerance of the methanol treatment (d.f. = 3, F = 0.376, P = 0.771). 
Maximum CTmax was 35.0 °C a chronic control fish (control fish tested in control water). Acute 
methanol fish (methanol fish tested in control water) was also 35.0 °C. Minimum CTmax was 32.7 
°C in acute control fish (control fish tested in methanol water) and chronic methanol treatment 
(methanol fish tested in methanol water), with means ranging from 33.9 °C (chronic methanol 
treatment) to 34.1 °C (chronic control treatment, acute methanol treatments [control water, 
control Fish in Methanol Water; Table 2-8). We did not determine methanol affected thermal 
tolerance in any of the treatments.  
 
Chronic CTmaximum 
 Thermal tolerance (CTmax) of fish acclimated at 18°C and chronically exposed to atrazine 
(ctTemp~Levels + Weight, data = Chronic) was fitted (P = 0.378) with the following 
relationship: CTmax’ (°C) = 34.0220 + 0.1853(High Atrazine) + 0.2072(Medium Atrazine) + 
0.1779(Low Atrazine) + 0.5472(Weight [g]). Unlike our predictions, the CTmax of Chronic 
treatment groups was very similar (Figure 2-10; Table 2-6). Different treatments of atrazine 
(low, medium, and high) did not affect CTmax (d.f. = 3, F = 1.327, P = 0.278), and we did not 
observe a dose response. Weight of the fish also did not affect CTmax of chronic treatments (d.f. = 
1, F = 0.481, P = 0.492). This could be due to the very low variation we observed in the mass of 
the fish, ranging from 0.04 to 0.75 g (mean ± SD; 0.19 ± 0.11 g). Maximum CTmax was 35.0 °C 
and observed in a control fish, while minimum CTmax was 31.7 °C observed in a High Atrazine 
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treatment, with means ranging from 34.0 °C (High Atrazine) to 34.3 °C (Low and Medium 
Atrazine; Table 2-6). Control fish had a CTmax mean of 34.1 °C (Table 2-6).  
  
Acute CTmaximum 
 CTmax of fish acutely exposed to atrazine (ctTemp~WaterLevels + FishLevels + Weight, 
data = Acute) was fitted (P = 0.02855) with the following relationship: CTmax’ (°C) = 3.373e+01 
+ 2.650e-01(High Atrazine Fish) + 2.912e-01(Medium Atrazine Fish) + 1.203e-02(Low Atrazine 
Fish) + 2.565e-01(High Atrazine Water) + 4.151e-01(Medium Atrazine Water) + -1.056e-
15(Low Atrazine Water) + 7.897e-01(Weight (g)). Medium atrazine acclimation and medium 
atrazine acute exposure were found to be significantly increase CTmax’s when compared to fish 
acclimated and tested in control water in the acute model (P = 0.042 and P = 0.010, 
respectively). An ANOVA of our model revealed that atrazine water level (i.e., the water the fish 
were tested in) had a significant effect on CTmax (P = 0.031), though a Tukey’s HSD test 
revealed no significant differences between means of water level groups. Two fish chronically 
exposed to medium atrazine concentrations had a maximum CTmax was 35.6 °C. The minimum 
CTmax was 31.7°C a low atrazine fish tested in control water, with means ranging from 33.8°C 
(control fish in low atrazine water) to 34.5°C (high atrazine fish in medium atrazine water; 
Figure 2-11; Table 2-7). Our mean heating rate ± SD was 0.32 ± 0.01 °C min-1 for the entire 
experiment. Standard deviations of CTmax per treatment were less than 0.1 suggesting that 
observer error was consistent. 
 
DISCUSSION 
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 While there is a great deal of research concerning thermal tolerance and additional 
stressors, relatively few previous studies have examined the effects of agrichemical contaminants 
on thermal performance (See Chapter 1). Agrichemical pollutants are important to consider due 
to their frequent application, spread into aquatic systems, and longevity after entering said 
systems (Klint et al. 1993). Contrary to most previous studies of thermal tolerance and pesticides 
(Heath et al. 1997; Mesaad et al. 2000; Op de Beeck et al. 2017; Zebral et al. 2018; Verheyen et 
al. 2019), we found that acute and chronic exposures to varying atrazine concentrations did not 
lower thermal tolerances of Fathead Minnows. Different species have differing contaminant and 
thermal tolerances (Beitinger et al. 2000), and responses to multiple stressors are likely species-
specific. For example, Green Sunfish Lepomis cyanellus, exposed to cadmium showed no effect 
on thermal tolerance while cadmium exposure significantly reduced thermal tolerance of Red 
Shiners Notropis lutrensis and Fathead Minnows (Carrier and Beitinger 1988). It comes as no 
surprise then, that different species are more or less susceptible to contaminants across 
landscapes and that some species are more tolerant to substantial thermal change even with 
contaminants present. That the atrazine levels and thermal tolerance test we employed to mimic a 
stressful period (ie., large fluctuations in both temperature and pollutants) did not influence 
thermal tolerance may suggest that Fathead Minnows are not particularly susceptible to the 
interaction between these stressors.  
 While providing valuable new information about the thermal performance of Fathead 
Minnows, caution is always needed when applying data from laboratory-raised and tested fish to 
their wild counterparts, although some evidence suggests that these physiological capabilities can 
be similar for fish tested in the field and the laboratory (Morgan et al. 2019). For example, we 
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did not find density-dependent or fish mass effects on thermal tolerance (Ospina and Mora 
2004), which can sometimes influence laboratory investigations.  
While we did not find a negative influence of atrazine on thermal tolerance of Fathead 
Minnows, we recognize pollutants such as atrazine may affect behaviors or other physiological 
mechanisms (Drummond and Russom 1990; Breckles 2013) outside of thermal limits. Atrazine 
acts as an endocrine disrupter for fishes and amphibians (Hayes et al. 2011) and these subtle 
effects may alter physiology (e.g., gonadal size, egg production, or structural changes) in 
addition to affecting thermal tolerance (Tillitt et al. 2010; Papoulias et al. 2014). We selected 
juveniles for these experiments, but we observed signs that some Fathead Minnows began 
transitioning from juvenile to adults (Ankley and Villeneuve 2006) during the acclimatization 
period. It is likely that the minnows were metabolizing atrazine during acclimatization (Barr et 
al. 2007; Rimayi et al. 2018), and while the effects of metabolism remain unclear, metabolic 
regulation could play a key role in the synergistic effects of these stressors (Sokolova and Lannig 
2008). Although we did not measure it in this experiment, atrazine could have influenced the 
reproductive health of Fathead Minnows, which might lead to a dichotomous response between 
the sexes. 
Due, we believe, to interactions with carbon filters, atrazine concentrations in 
acclimatization tanks fluctuated more than expected. We believe filters in the acclimatization 
tanks likely interacted with atrazine in our systems, consistent with previous studies (Yue et al. 
2006; Cromphout and Rougge 2002; Pelekani and Snoeyink 2000; Martın-Gullón and Font 
2001). The modulation of atrazine we observed may better reflect natural conditions, as atrazine 
levels in riverine systems often attenuate following pulse events (Solomon et al. 1996; Crawford 
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2001; Smiley et al. 2014). For example, we observed similar pulses in agrichemical levels in our 
reference system (Shell Creek, Nebraska, USA) following precipitation events (Figure 2.4).  
 The upper thermal tolerance of Fathead Minnows chronically exposed to atrazine and 
tested in same concentrations of atrazine water were not different from fish not exposed to 
atrazine, contrary to similar investigations of wild caught Red Shiners (Mesaad et al. 2000). This 
may result from compensatory mechanisms which allowed Fathead Minnows to acclimate to 
atrazine levels throughout the experiment. For example, Fathead Minnow larvae exposed to a 14-
day pulse of atrazine in the Elkhorn River, Nebraska, USA initially showed suppressed 
endocrine gene expression, mass, and body condition, but significantly higher body mass, length, 
and improved condition by 28 days (Ali et al. 2017). As our fish were chronically exposed to 
atrazine and tested after 21 days of exposure, Minnows in our experiment might have 
overcompensated to atrazine levels, allowing normal thermal tolerance responses.  
Interestingly, the upper thermal limits of fish acclimated in and acutely exposed to 
medium atrazine concentrations were higher compared to fish acclimated to and tested in water 
without atrazine. Previous studies have found non-monotonic (U-shaped or inverted U-shaped) 
physiological responses to contaminants, with both gene downregulation and upregulation 
relative to the control groups (Jeffries et al. 2015). Medium concentrations of atrazine may 
upregulate thermal responses while low and high atrazine concentrations could cause 
downregulation bringing thermal tolerance back to normal levels. Regardless of the mechanism, 
our results suggest Fathead Minnows may be able to cope, within limits, to increased 
contaminants and extreme temperature events.  
Given that our results contrasted with a common belief that toxicants decrease thermal 
tolerance of fishes, we suggest further research into species-specific responses and mechanisms 
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by which individual fish cope with variation in temperature and contaminants. While toxicity of 
pesticides may increase due to warming (Noyes et al. 2009; Noyes and Lema 2015), warming 
may also increase pesticide degradation rates, resulting in lower impacts on aquatic organisms 
(Op de Beeck et al. 2017). It is important that agrichemical contaminant data are coupled with 
temperature data, to gain a better understanding of how temperature affects and limits 
physiological parameters (e.g. growth, thermal or contaminant acclimation, or swimming 
performance) as well as distribution of fish on the landscape.  
 
Management Implications 
 Climate change is expected to increase the frequency and duration of extreme 
temperature events around the globe (Beniston et al. 2006; Jones et al. 2015), directly affecting 
aquatic ectotherms by pushing them to their upper thermal limits. Despite the fact we did not see 
an effect of pollutants on thermal tolerance of Fathead Minnows, other species may be more 
sensitive to interactions of temperature and contaminants. Stream management starts with the 
lands surrounding them, as both are inherently connected. Therefore, effective land management 
needs to find a balance between human needs and ecosystem function to reduce loss of 
biodiversity and ecosystem function. We suggest that the future land and stream management 
will benefit from an adaptive approach that incorporates diverse farming practices, such as no 
till, reduced chemical applications, and buffer strips as these practices are proven to reduce 
runoff (Osborne and Kovacic 1993; Patty et al. 1997). One method to reduce fluctuation in water 
temperatures would be to increase riparian habitat, as bank vegetation (e.g., overhanging grasses 
and trees) will provide shade, providing thermal refugia. Future research efforts must prioritize 
adaptive development and implementation of smart farming practices, especially research 
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investigating emerging effects of new agrichemicals, climate change, and mitigation techniques. 
To be successful, future land use must change and consider wildlife as equally important to that 
of agricultural development. 
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Table 2-1. Summary fish density by tank and treatment. N is number of fish per tank (total N = 
303) and acclimation temperature is the temperature that fish were held at for 21 prior to testing. 
Length, weight, CTmax are reported as mean (standard deviation, SD). 
 
Tank Treatment N 
Length 
(mm) 
Weight 
(g) 
Acclimation 
Temperature (°C) 
4A Control 14 24.5 (5.1) 0.13 (0.12) 18.0 
4B High Atrazine 28 28.4 (4.6) 0.20 (0.12) 18.0 
4C Control 18 29.1 (5.5) 0.22 (0.15) 18.0 
4D MeOH 23 30.1 (5.4) 0.26 (0.16) 18.0 
4E Low Atrazine 27 29.4 (4.7) 0.21 (0.11) 18.0 
4F Medium Atrazine 28 28.4 (4.1) 0.20 (0.09) 18.0 
5A Low Atrazine 25 29.1 (3.7) 0.21 (0.08) 18.0 
5B Control 22 27.1 (4.7) 0.17 (0.11) 18.0 
5C Medium Atrazine 26 28.1 (3.6) 0.19 (0.07) 18.0 
5D Control 19 28.0 (4.1) 0.18 (0.09) 18.0 
5E High Atrazine 35 26.3 (4.0) 0.16 (0.09) 18.0 
5F MeOH 38 26.8 (3.9) 0.17 (0.09) 18.0 
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Table 2-2. Summary of water quality by tank. Temperature (Temp) and dissolved oxygen (DO) were recorded daily. Observations of 1 
pH, Ammonia, Nitrite, and Nitrate were recorded intermittently throughout the experiment. Two tanks were randomly sampled for 2 
ammonia, nitrite, and nitrate each week. All values are reported as mean (Standard Deviation, SD) [Standard Error, SE] 3 
 4 
Tank N Temp (°C) DO (mg/L) N pH Ammonia (mg/L) Nitrite (mg/L) Nitrate (mg/L) 
4A 51 17.3 (0.5) [0.1] 8.9 (0.3) [0.0] 4 8.2 (0.0) [0.0] 0.0 (0.0) [0.0] 0.0 (0.0) [0.0] 15.0 (10.0) [5.0] 
4B 51 17.3 (0.5) [0.1] 8.9 (0.5) [0.1] 2 8.2 (0.0) [0.0] 0.1 (0.2) [0.1] 0.0 (0.0) [0.0] 7.5 (3.5) [2.5] 
4C 51 17.4 (0.4) [0.1] 8.8 (0.2) [0.0] 4 8.2 (0.1) [0.0] 0.0 (0.0) [0.0] 0.0 (0.0) [0.0] 12.5 (5.0) [2.5] 
4D 51 17.4 (0.5) [0.1] 8.7 (0.3) [0.0] 3 8.2 (0.1) [0.0] 0.0 (0.0) [0.0] 0.0 (0.1) [0.0] 10.0 (0.0) [0.0] 
4E 51 17.4 (0.5) [0.1] 8.8 (0.4) [0.1] 2 8.2 (0.0) [0.0] 0.1 (0.2) [0.1] 0.0 (0.0) [0.0] 10.0 (0.0) [0.0] 
4F 51 17.3 (0.5) [0.1] 8.8 (0.4) [0.1] 3 8.2 (0.0) [0.0] 0.3 (0.6) [0.3] 2.4 (2.5) [1.4] 10.0 (0.0) [0.0] 
5A 51 17.1 (0.5) [0.1] 8.8 (0.4) [0.1] 3 8.2 (0.0) [0.0] 0.0 (0.0) [0.0] 4.0 (1.7) [1.0] 16.7 (5.8) [3.3] 
5B 51 17.2 (0.5) [0.1] 8.9 (0.2) [0.0] 3 8.2 (0.0) [0.0] 0.1 (0.1) [0.1] 0.0 (0.0) [0.0] 13.3 (5.8) [3.3] 
5C 51 17.3 (0.6) [0.1] 8.8 (0.4) [0.1] 3 8.3 (0.1) [0.1] 0.0 (0.0) [0.0] 0.0 (0.0) [0.0] 11.7 (2.9) [1.7] 
5D 51 17.2 (0.5) [0.1] 8.8 (0.2) [0.0] 4 8.2 (0.1) [0.0] 0.0 (0.0) [0.0] 0.0 (0.0) [0.0] 13.8 (4.8) [2.4] 
5E 51 17.2 (0.5) [0.1] 8.8 (0.4) [0.1] 2 8.2 (0.0) [0.0] 0.1 (0.2) [0.1] 0.0 (0.0) [0.0] 10.0 (0.0) [0.0] 
5F 51 17.2 (0.5) [0.1] 8.7 (0.3) [0.0] 3 8.2 (0.0) [0.0] 0.0 (0.0) [0.0] 3.3 (5.8) [3.3] 10.0 (0.0) [0.0] 
 5 
 6 
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Table 2-3. Atrazine concentrations in Shell Creek by season from 2002-2014. 7 
Season Samples 
Mean 
Atrazine 
Concentration 
(µg/L) 
Max. Atrazine 
Concentration 
(µg/L) 
Min. Atrazine 
Concentration 
(µg/L) 
Mean 
Water 
Temp. 
(°C) 
Mean 
Velocity 
(cfs) 
Winter 15 0.134 (0.187)  0.690 0.000 1.22 (2.78) 45.5 (120.4) 
Spring 52 7.250 (16.820) 104.030 0.025 16.07 (5.71) 59.9 (128.5) 
Summer 61 0.720 (1.111) 5.950 0.000 22.70 (3.86) 51.1 (107.9) 
Fall 18 0.422 (0.728) 2.860 0.000 7.02 (4.99) 13.5 (10.1) 
 8 
 9 
 10 
 11 
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Table 2-4. Atrazine concentrations in acclimatization tanks. N is the number of samples, mean, standard deviation (SD), standard error 12 
(se), confidence interval (CI), and lower (95) and upper (u95) confidence intervals reported for each tank. Atrazine was extracted from 13 
water using HPLC protocol. 14 
 15 
Tank Treatment N Mean 
(µg l-1) 
SD se CI l95 u95 
4B High Atrazine 6 212.05 76.74549 31.33122 80.53945 131.51055 292.58945 
4E Low Atrazine 5 5.028 4.096891 1.83219 5.08696 -0.05896 10.11496 
4F Medium Atrazine 7 30.88 18.68949 7.06396 17.28489 13.59511 48.16489 
5A Low Atrazine 6 3.14 2.74087 1.11895 2.87637 0.25863 6.01137 
5C Medium Atrazine 6 35.56 9.31697 3.80364 9.77756 25.77743 45.33256 
5E High Atrazine 6 253.13 71.07247 29.01521 74.58598 178.54068 327.71265 
16 
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Table 2-5. HPLC extraction of atrazine from water protocol developed for the Nebraska Water 
Center Water Sciences Laboratory, Lincoln, Nebraska, USA. 
          
1. Make Calibration Curve: 
a. Herbicide Mix A: 
i. 200 µL Atrazine, DIA, DEA and 100 µL Propazine in 5 mL water 
methanol mix (2.5 mL DI water and 2.5 mL methanol). 
b. Terbuthylazine Mix ~ 50 µL/mL 
i. 100 µL Terbuthylazine Stock in 5 mL methanol. 
c. 10 mL Dilutions: 
i. Cal 01 ~ 60 µL/mL 
1. 3 mL Herb Mix A in 10 mL methanol water mix (50% H2O/ 50% 
methanol). 
ii. Cal 02 ~ 30 µL/mL 
1. 1.5 mL Herb Mix A in 10 mL methanol water mix (50% H2O/ 50% 
methanol). 
iii. Cal 03 ~ 10 µL/mL 
1. 0.5 mL Herb Mix A in 10 mL methanol water mix (50% H2O/ 50% 
methanol). 
iv. Cal 04 ~ 1 µL/mL 
1. 0.5 mL Cal 03 in 10 mL methanol water mix (50% H2O/ 50% 
methanol). 
v. Cal 05 ~ 0.1 µL/mL 
1. 0.5 mL Cal 04 in 10 mL methanol water mix (50% H2O/ 50% 
methanol). 
d. Making Final GC vials: 
i. Labeling GC vials (Cal 01- Cal 05). 
ii. Transfer 1.62 mL of each calibration solution to its respective GC vial. 
iii. Add 180 µL of Terbuthylazine Mix (90 µL Terbuthylazine 90 µL DI 
water) to each GC vial for a final volume of 1.8 mL. 
iv. Cap the GC vials. 
           
2. Weighing samples: 
a. Remove samples from a freezer and allow them to thaw to room temperature. 
b. Place a 1 L amber glass bottle on balance and tare. 
c. Pour into the amber bottle ~30 g of sample. 
d. Record the exact mass in the laboratory notebook. 
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3. Surrogate and Analyte Spikes: 
a. Spike all samples with 100 µL of propazine solution (at 3 ng/mL). 
b. Add an extra sample spiked with known concentration of analyte (atrazine ~100 
µg/L) and known concentration of propazine (100 µL of propazine at 3 ng/mL).  
c. Add an extra sample of DI water and spike with 100 µL of propazine (at 3  
ng/mL). 
          
4. SPE extraction:  
a. Pre-condition HLB 3cc (60mg) cartridges with 3 mL Methanol, followed by 3 mL 
DI water. Do not let cartridge run dry between subsequent solvent washes. After 
the final water wash, do not allow the cartridge to drain completely so that the 
solid phase remains wet until use.  
b. Insert a pre-combusted 1 µm glass filter into the PFA inline filter holder. 
c. Turn on the vacuum and flush 30 mL of sample through the sample delivery tube.  
d. Insert the HLB cartridge in the sample line and extract the sample through the 
HLB cartridge.  
e. After the extraction is complete, remove the sample delivery tube from the 
cartridge. Allow the cartridge to dry under vacuum for 10 min or more.  
f. Store the cartridge in a clean zip-lock bag labeled with the batch number and 
extraction date in the refrigerator until the elution of the analyte can be performed 
(up to 3 months).  
          
5. Elution of SPE cartridge: 
a. Place labeled disposable test tubes (15 x 85 mm) in the elution rack. 
b. Replace the liner on the underside of the Supelco VisiPrep elution manifold cover 
with a clean disposable liner. Replace the manifold cover by inserting the Teflon 
tubing into the test tubes. 
c. Place the HLB cartridges in order on the VisiPrep Teflon holder. Install a clean, 
empty 10cc syringe barrel onto the luer fitting of each cartridge. 
d. Measure 5 mL of methanol of methanol into each syringe barrel reservoir. A 
slight vacuum will be needed to begin the elution process which can then be 
continued by gravity.  
e. After elution, turn on the vacuum and open the liner valves at full vacuum for 2-3 
minutes to ensure all liquid is eluted. 
f. Once elution is complete, remove cartridges and place back in storage zip-lock in 
freezer until the batch is released. Label the bag with elution date. 
          
6. Blowdown of transfer of extract and addition of internal standard: 
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a. Evaporate the extract to ~1.8 - 2 mL and add internal standard spike (90 ng/µL 
Terbuthylazine).  
b. Blowdown the extract to ~300 µL (near dryness) under a dry stream of Nitrogen 
gas. 
c. Add 150 µL DI water and 150 µL methanol. 
d. Pipet the concentrated eluent into a GC vial fitted with a 300 µL conical spring 
insert. Cap the vial with crimping tool. 
e. Include a spike check for analysis of the spiking solutions. Add 100 µL of each 
spike (analyte, surrogate, and internal standard) into a 300 µL conical spring 
insert. Mix the solution by pipetting. Cap the vial with a crimping tool.  
          
7. HPLC analysis 
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Table 2-6. Mean CTmax, length, and weights for Fathead Minnows chronically exposed to 
atrazine. N is number of fish tested per treatment. Length, weight, CTmax, and acclimation time 
are reported as mean (standard deviation, SD). Acclimation time is average amount of time spent 
acclimating to treatment in acclimation tanks before trial was conducted. Mortality refers to the 
number of fish (n) that died during or within 24 hours after CTmax.  
 
Treatment N Length 
(mm) 
Weight 
(g) 
CTmax (°C) Acclimation 
Time (days) 
Mortality 
(n) 
High Atrazine 
 
13 28 (4.9) 0.20 (0.14) 34.0 (0.9) 41 (10) 1 
Med. Atrazine 12 27 (4.5) 0.17 (0.10) 34.3 (0.4) 39 (10) 
 
4 
Low Atrazine 12 28 (4.2) 0.18 (0.09) 34.3 (0.2) 39 (9) 
 
0 
Control 12 27 (3.8) 0.14 (0.07) 34.1 (0.5) 39 (10) 
 
1 
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Table 2-7. Mean CTmax, length, and weights for Fathead Minnows acutely exposed to atrazine. N 
is number of fish tested per treatment. Length, weight, CTmax, and acclimation time are reported 
as mean (standard deviation, SD). Acclimation time is average amount of time spent acclimating 
to treatment in acclimation tanks before trial was conducted. Mortality refers to the number of 
fish (n) that died during or within 24 hours after experiment was conducted.  
 
Treatment N Length (mm) Weight (g) CTmax (°C) Acclimation Time 
(days) 
Mortality  
(n) 
High Atr. Fish 
Medium Atr. Water 
13 25 (4.0) 0.13 (0.07) 34.5 (0.5) 38 (11) 
1 
High Atr. Fish 
Low Atr. Water 
12 29 (4.1) 0.19 (0.09) 34.2 (0.4) 43 (10) 
3 
High Atr. Fish 
Control Water 
12 26 (3.1) 0.14 (0.04) 34.4 (0.6) 40 (10) 
1 
Medium Atr. Fish 
High Atr. Water 
 
11 30 (4.8) 0.21 (0.10) 34.4 (0.8) 40 (11) 
0 
Medium Atr. Fish 
Low Atr. Water 
 
12 28 (3.9) 0.19 (0.07) 34.2 (0.6) 40 (11) 
1 
Medium Atr. Fish 
Control Water 
 
12 28 (2.4) 0.19 (0.05) 34.1 (0.7) 37 (11) 
1 
Low Atr. Fish 
High Atr. Water 
 
11 28 (4.6) 0.18 (0.08) 34.3 (0.4) 42 (11) 
1 
Low Atr. Fish 
Medium Atr. Water 
 
13 31 (3.9) 0.23 (0.08) 34.2 (0.7) 39 (9) 
0 
Low Atr. Fish 
Control Water 
 
13 29 (3.8) 0.21 (0.09) 34.1 (0.5) 39 (11) 
1 
Control Fish 
High Atr. Water 
 
13 26 (5.3) 0.16 (0.13) 34.1 (0.7) 34 (7) 
0 
Control Fish 
Medium Atr. Water 
 
12 29 (5.5) 0.20 (0.14) 34.5 (0.5) 35 (7) 
1 
Control Fish 
Low Atr Water 
13 26 (4.2) 0.15 (0.08) 33.8 (0.9) 35 (7) 
1 
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Table 2-8. Mean CTmax, length, and weight for Fathead Minnows in control (including methanol) 
treatments. N is number of fish tested per treatment. Length, weight, CTmax, and acclimation time 
are reported as mean (standard deviation, SD). Acclimation time is average amount of time spent 
acclimating to treatment in acclimation tanks before trial was conducted. Mortality refers to the 
number of fish (n) that died during or within 24 hours after experiment was conducted.  
 
Treatment N Length 
(mm) 
Weight (g) CTmax (°C) Acclimation 
Time (days) 
Mortality 
(n) 
Control 12 27 (3.8) 0.14 (0.07) 34.1 (0.5) 39 (10) 1 
Methanol 12 27 (3.5) 0.15 (0.08) 33.9 (0.6) 41 (11) 0 
Control Fish 
Methanol Water 
12 29 (7.0) 0.24 (0.19) 34.1 (0.6) 35 (7) 1 
Methanol Fish 
Control Water 
12 27 (4.4) 0.16 (0.07) 34.1 (0.6) 43 (9) 3 
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Figure 2-1. Fathead Minnows were acclimatized in 38 L tanks maintained at 18 °C water, fed 
twice daily, 12 h Light: 12 h dark regime for 21 days prior to experiment. 
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Figure 2-2. Conceptualization of tank treatments. Fathead Minnows acclimated to atrazine, 
control water, and methanol water for 21 days prior to CTmax trials and maintained throughout 
the experiment.  
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Figure 2-3. Map of Shell Creek watershed, 2017. 
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Figure 2-4. Atrazine concentration (ppb or µg L-1) in Shell Creek, Nebraska, USA from 2002 to 
2014. Spring agrichemical pulses consistent with precipitation events. The highest recorded 
spike in atrazine occurring in May 2003. 
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Figure 2-5. Conceptualization of experimental setup consisting of cooler, heating rod, beakers, 
pumps, aerator, and thermometers. We filled cooler with 20 L of water. Beakers filled with 1 L 
of water were placed partially submerged on top of bricks; sensors of electronic thermometers 
were placed in beakers to record temperature. Pumps circulated water to maintain equilibrium of 
temperatures in beakers. Aerator with four was used to maintain dissolved oxygen in beakers 
throughout the experiment.  
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Figure 2-6. Fish density in each tank throughout the course of the experiment. Start date of the 
experiment was 10/30/2019 and starting point on each tank reflects acclimatization tank density.  
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Figure 2-7. Atrazine concentrations by acclimatization tank through time.  
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Figure 2-8. Atrazine concentrations in acclimatization tank in ppb or µg L-1 with 95% CI 
intervals. 
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Figure 2-9. Plot of Tukey’s HSD test for acclimatization tank atrazine concentrations. We found 
differences between high (a), medium (b), and low (c) acclimatization tanks.  
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Figure 2-10. A boxplot of CTmax by chronic exposure to atrazine treatments. The upper and lower 
quartiles are inside the box, line represents the median. We found no differences between 
treatments.  
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Figure 2-11. Boxplots of acute treatment CTmax’s with control acclimated fish (in the top left), 
low atrazine acclimated fish (top right), medium atrazine acclimated fish (bottom left), and high 
atrazine acclimated Fathead Minnows (bottom right). We found differences in fish that were 
exposed to medium atrazine during acclimation and during CTmax trials. 
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CHAPTER 3: OUT OF THE FRYING PAN AND INTO THE FIRE: 
HARDENING RESPONSE OF FATHEAD MINNOWS EXPOSED TO TWO 
ACUTE THERMAL STRESSES 
Thesis Chapter 3 
Alexander D. Engel 
Abstract:   
Freshwater biodiversity is threatened by a wide variety of pressures, foremost among 
them, global climate change, which is predicted to drastically alter thermal regimes, including 
frequency of episodic heat waves. Rapidly changing thermal regimes of freshwater systems 
potentially impose challenges that must be met by phenotypic plasticity rather than by an 
evolutionary change. To predict population responses to climate change, we must first 
understand temporal influences on thermal limits, individual variation in stress responses, and 
acclimation times. Thermal hardening may be a potential mechanism to allow organisms to 
survive extreme stress events. To address this critical knowledge gap, we undertook this study to 
1) evaluate the capacity of Fathead minnows Pimephales promelas to harden after exposure to 
two acute thermal stresses, and 2) quantify the temporal pattern of this potential response at 24, 
48, and 72 hours. We found that Fathead minnows have the capacity to harden, on average ~0.5 
°C. Fathead minnows remained hardened at all time points that we investigated, longer than we 
expected. Species that exhibit heat hardening might be better able to cope with extreme 
fluctuations in diurnal temperatures. With knowledge of individual thermal variation, managers 
can predict which segments of the population are most vulnerable to extreme temperature events 
and where to focus conservation efforts.  
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INTRODUCTION 
Surface fresh water accounts for less than 0.01% of all water on earth (Gleick 1996) and 
yet contains approximately 40% of all fish biodiversity (Lundberg et al. 2000), due, in part, to 
the vast diversity of freshwater environments. Freshwater biodiversity is threatened by a wide 
variety of pressures, including global climate change, invasive species, flow modifications, 
pollutants, overexploitation, habitat destruction/modification, and habitat fragmentation 
(Dudgeon et al. 2006; Reid et al. 2018). As a result, the potential for extinctions of freshwater 
animals continues to rise, posing a great threat to ecosystem services derived from freshwater 
species and the planet’s biodiversity.   
Climate change is expected to drastically alter temperature regimes, threatening 
freshwater fishes through change in the magnitude and frequency of extreme temperature events 
(Beniston et al. 2007; Jones et al. 2015). The literature is replete with studies that have measured 
fishes’ tolerance to extreme temperature events (See Chapter 1) but there are still gaps in 
understanding individual variations in stress responses and mechanisms of survival to extreme 
events. All organisms exist within a boundary of thermal tolerance and given enough time, 
organisms may be able to acclimate within limits to conditions that fall outside of their preferred 
thermal niche (Angilletta et al. 2002). Changes in environmental variables such as temperature 
promise to alter the distribution of thermal conditions in freshwater systems, often faster than in 
other systems (Sunday et al. 2012). Fish species have evolved to either tolerate or behaviorally 
avoid temperatures outside their thermal optima (Hutchinson 1976; Reynolds and Casterlin 
1976; Hutchinson and Maness 1979; Neill 1979; Matthews 1987; Rutledge and Beitinger 1989; 
Fessel 1996). If given enough time, selection pressure may result in adaptation to new thermal 
optima, however it remains unclear exactly how long is necessary for adaptation to occur. 
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However, rapidly changing thermal regimes of freshwater systems potentially impose challenges 
that must be met by phenotypic plasticity rather than by an evolutionary change. To predict 
population responses to climate change, we must first understand temporal influences on thermal 
limits, individual variation in stress responses, acclimation times. 
Multiple hypotheses exist regarding how species will change physiologically due to long-
term changes in thermal regimes. Pörtner (2010) suggested that warming temperatures will alter 
species’ life history strategies, ultimately affecting ecosystem function long before lethal 
temperatures are reached.  However, the climate variability hypothesis proposes that extreme 
events during the summer or winter that exceed an animal’s thermal tolerance rather than the 
average summer or winter environmental temperatures, may be more important in shaping 
population growth, reproduction, and distribution (Stevens 1989; Sunday et al. 2012; Sunday et 
al. 2014). At the organismal level, CTmax is the upper thermal limit of the individual, but for a 
population it is simply the mean CTmax of all individuals (Cox 1974). While it is important to 
understand thermal limits of populations, it is equally important to understand how individual 
variation in thermal tolerance influences population dynamics. With knowledge of individual 
thermal variation, managers can predict which segments of the population are most vulnerable to 
extreme temperature events and where to focus conservation efforts.  
Warming temperatures in some areas approach or exceed the current CTmax of some 
species during summer months (Johnstone and Rahel 2003; Eddy and Handy 2012). Tying these 
hypotheses together is the ‘plastic floors and concrete ceilings’ hypothesis which predicts that 
resting cardiovascular functions could exhibit considerable plasticity, while physiological 
ceilings, such as CTmax, remain thermally fixed (Sandblom et al. 2016). The reduced difference 
between species habitat temperature (Thab) and CTmax with warming temperatures is expected to 
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affect many metabolic functions, such as resting O2 consumption but also result in a reduced 
warming tolerance (warming tolerance = CTmax – Thab; Sandblom et al. 2016). Consequently 
decreasing fitness of individuals and ability to respond to transient heat waves (Tewksbury et al. 
2008; Deutsch et al. 2008; Sandblom et al. 2016). Put a different way, acclimation to warming by 
fishes may only partially compensate for an increase in CTmax, resulting in a reduced thermal 
range at higher acclimation temperatures (Sandblom et al. 2016; Beitinger et al. 2000). These 
hypotheses remain relatively speculative, as little is known about the long-term thermal plasticity 
of the physiological traits on which these hypotheses are based.  
Some species exist in environments full of thermal extremes. For example, Rocky 
Mountains streams can fluctuate by 10–13 °C on a daily basis in the summer and can for long 
periods of time exceed temperatures that are lethal for Bonneville cutthroat trout Oncorhynchus 
clarki utah (i.e., ≥ 24 °C; Johnstone and Rahel 2003). Studies suggested that these fish neither 
emigrated from warm stream reaches nor experienced mortality, despite the presence of 
maximum daily water temperatures as high as 27 °C (Schrank et al. 2003). This begs the 
question, what mechanisms allow this species and others like it to survive in environments with 
such extreme shifts in temperature?  
Most animals do not have a static heat tolerance, but one that changes in response to their 
recent thermal history through acclimation (Bilyk and DeVries 2011). When exposed to an acute 
near-lethal thermal stressor, animals often exhibit increased short-term thermal tolerance or 
“thermal hardening”. Thermal hardening is a quick, transitory increase in tolerance (either hot or 
cold) following a brief exposure to an extreme temperature, such as a heat or cold shock (Bowler 
2005). The mechanisms driving thermal hardening are poorly understood, however hardening 
differs from acclimation in several key ways: 1) the effects of hardening are triggered only by 
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brief exposure to extreme temperatures outside the range the animal can survive indefinitely, 2) 
the increased tolerance usually peaks within minutes to hours of the initial stress before rapidly 
attenuating, and 3) there is some evidence to suggest that hardening can extend thermal maxima 
after the effects of increasing acclimation have plateaued (Lowe and Heath 1969; Bilyk et al. 
2012). Thermal plasticity at the extremes of thermal tolerance may allow fishes to be more 
successful ecologically (e.g., inhabit larger geographic ranges and survive extreme thermal 
events). We believe that it is important to investigate potential mechanisms of resilience to 
climate change, and therefore, it is necessary to understand the capacity of fishes to thermally 
harden.  
To address this critical knowledge gap, we undertook this study to 1) evaluate the 
capacity of Fathead minnows Pimephales promelas (Rafinesque 1820) to harden after exposure 
to two acute thermal stress events, and 2) quantify the temporal pattern of this potential response. 
We predicted that Fathead minnows exposed to an acute thermal stressor (CTmax1), and then re-
exposed (CTmax2) would have an increased thermal tolerance as opposed to fish that were only 
tested once. We also predicted that hardening (ie., increased thermal tolerance) would rapidly 
attenuate over time, with fish retested within a shorter time interval showing the largest 
difference in CTmax between the first and second test, and those tested after a longer time interval 
showing the smallest difference in thermal tolerance (Figure 3-1). 
 
METHODS 
 We obtained juvenile Fathead minnows (age > 40 days old) from Aquatic BioSystems 
(Fort Collins, CO, USA) and transported them to the University of Nebraska-Lincoln Fish 
Conservation and Physiology Lab (Lincoln, NE, USA) in August 2018. We placed fish in a 150-
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gallon Rubbermaid holding tank for 221 days. During holding minnows reached sexual maturity 
(approximately 120-150 days; Ankley and Villenueve 2006) and 118 adult fathead minnows 
(23mm to 52mm; 0.1g to 1.5g) were transferred and randomly sorted into six aerated 37.854 L 
tanks filled with approximately 30 L with dechlorinated tap water. We monitored tank conditions 
daily for 21 days during the acclimation period before and throughout the experiment (mean ± 
SD; temperature, 17.5 ± 0.4°C; pH, 8.2 ± 0.0; dissolved oxygen, 8.3 ± 0.5 mg L-1; total 
ammonia, 0.1 ± 0.2 mg L-1; NO2, 0.2 ± 0.4 mg L
-1; NO3, 6.6 ± 3.9 mg L
-1; Table 1). Temperature 
was maintained at 18 °C via water bath and heating rods. Minnows were fed a mixture of freeze 
dried brine shrimp and bloodworms ad libetum, once daily. Uneaten food was removed 15-30 
minutes after feeding and approximately 23% (7 L) of water was changed daily. Tanks were kept 
on a 12h dark:12h light regime. 
 
Critical Thermal Maximum Experiment 
Hardening was assessed via two acute thermal tolerance tests conducted within 24, 48, or 
72 hours after the initial thermal tolerance test (n = 37 fish, n = 36 fish, and n = 36 fish, 
respectively). We conducted experiments in a standard 45.425 L cooler with a heating rod as a 
water bath, bricks, pumps and beakers placed in standardized orientation (Chapter 2 Figure 2-5) 
by two person teams. One person (the recorder) recorded temperature data every two minutes 
from a digital thermometer placed into each beaker, and the other person (the observer) observed 
when CTmax of Fathead minnow was reached. The time and temperature of the beakers were kept 
hidden from the observer to limit bias as to when CTmax was reached. Beakers were filled with 1 
L acclimation tank water, fish were placed in the beakers, and then beakers with fish were placed 
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on top of bricks within the coolers.  Durac® Digital, Dual Zone Probe Thermometers were 
placed in beakers to measure water temperature (Chapter 2 Figure 2-5).  
Fish were allowed to acclimate to the beaker and cooler for 20 minutes with the cooler lid 
closed prior to start of experiment. Temperature was recorded after the 20-minute acclimation 
period (TA) and a heating rod was placed in the cooler. The start of experiment (T0) was 
determined when temperature in one beaker was raised by 1°C, following the initiation of the 
warming of the water bath by the heating rod. Water temperature was increased at a rate of 0.3°C 
min-1 (Cox 1974) until final loss of equilibrium (LOE) was achieved. We defined the CTmax 
endpoint as loss of equilibrium (LOE), when fish were no longer able to right themselves after 
gentle prodding with a glass rod or cessation of opercular movement was observed. When LOE 
was observed temperature and time at the endpoint were recorded and fish were moved to 2 L 
beakers filled with water at acclimation temperature (~18 °C). Fish were allowed to recover in 
beakers (marked to match the beaker the fish came from) until normal activity was observed 
(movement and regular opercular movement). Fish were then moved to a recovery tank with 
individual enclosures marked to keep track of individual fish (eg. 1B1, 1B2, 1B3, 1B4, 2B1, etc.) 
The second CTmax trial was conducted 24, 48, or 72 hours after the first. Individual fish were only 
tested twice and the fish was the experimental unit. Hardening was determined to have occurred 
if fish had significantly increased CTmax from their first CTmax (Manness and Hutchinson 1980). 
We kept all Fathead minnows in a recovery tank for 24 hours following the second experiment to 
ensure no mortality occurred, fish that did not survive 24 hours post-experiment were excluded 
from analysis. After a 24 hour recovery period following the second CTmax, fish were euthanized 
in a solution of buffered MS-222 (500 mg L-1), sodium bicarbonate, and salt. Body mass and 
length were collected from all fish for later analysis. Specimens were not used again. We 
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conducted all experiments under University of Nebraska-Lincoln research permit #1612 and in 
compliance with all IACUC procedures.  
 
Analyses 
 Statistical analyses in R were performed using the R core package (R Development Core 
Team), car (Fox and Weisberg, 2011), plyr (Wickam, 2011), lme4 (Bates et al. 2015) packages. 
Data was visualized using package ggplot2 (Wickam, 2009).  Data were analyzed using a two-
sample t-test and wilcoxan signed rank tests, comparing first CTmax (0 hour = CTmax1) with 
second CTmax (24, 48, or 72 hours = CTmax2). We defined hardening as having occurred when a 
significant difference between the first and second CTmax was detected (CTdiff = CTmax2 – 
CTmax1). We visually inspected datasets and conducted Shapiro-Wilks tests to assess whether 
data met assumptions of normality. We constructed a general linearized mixed effects model 
(GLMM; Bolker et al. 2009) including a random effect of acclimation tank to assess conditional 
effects of acclimation time on the magnitude of hardening (CTmax2). Time since first trial (i.e. 24, 
48, or 72 hours) was included as a categorical fixed-effect predictor. We also included mass of 
the minnow (g), and initial CTmax (CTmax1 °C) as continuous fixed-effect predictor variables to 
determine whether significant differences existed in the hardening response of Fathead minnows 
according to these factors (ctTemp2 ~ ctTemp1 + Hour2 + Weight + (1|Tank), data = HardFinal; 
Table 3.3). We evaluated model fit graphically and assessed significance of results using a chi-
square test. Homogeneity of variances using Q-Qplots and residuals vs. fitted values were also 
tested. All data were normally distributed unless otherwise specified. Data are reported as means 
± SD. We used 𝛼 ≤ 0.05 for all significance tests.  
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RESULTS 
Acclimation 
The mean trial acclimation temperature (TA) was 15.6 °C (Min TA = 14.2 °C; Max TA = 
19.6 °C; mean TA ± SD; 15.547 ± 0.667), 2.5 °C lower than the tank acclimation temperature, 
~18 °C. Temperature of the water entering the laboratory facility during the course of this study 
was generally ~2.5°C lower than mean temperatures of water entering the laboratory at other 
times of the year, resulting in cooler water baths. To test whether TA influenced hardening, we 
conducted an ANOVA on all CTmax values (ctTemp ~TempTA, data = Hardening). We found 
that TA did not significantly affect CTmax (F1, 216 = 0.384; d.f. = 216; P = 0.536) and concluded 
that trial acclimation temperature did not significantly influence thermal maxima of Fathead 
minnows.  
 
Mortality 
 We observed 10 mortalities during the acclimatization period (from 3/25/2019 to 
4/28/2019), most likely due to poor condition. Fish looked emaciated when pulled from 
acclimatization tank. Five mortalities occurred during hardening trials, all within 15-20 minutes 
following CTmax tests.  Three mortalities occurred after the initial CTmax, one after a second 
CTmax performed 24 hours after the first, and one after a second CTmax performed 72 hours after 
the first. Due to the relatively low number of data points, we were unable to analyze mortality 
statistically, although we do not believe that mortality was related to the time between CTmax 
trials.  
 
Hardening 
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 In total, we included 109 Fathead minnows in our analyses of thermal tolerance. We 
found that the mean second CTmax value was greater for each time point (i.e., 24, 48, and 72 
hours) than for the initial trial (Figure 3-2, Table 3-2). The overall combined mean of the second 
CTmax (CTmax2) ± SD was 34.740 ± 0.600 (N=109), resulting in a mean difference between 
CTmax1 and CTmax2 of roughly 0.5 °C (Table 3-2). The difference in thermal maxima as 
compared to the initial CTmax was normally distributed for the 24 and 72-hour treatments 
(CTdiff24 and CTdiff72; W = 0.979, P = 0.704 and W = 0.981, P = 0.793, respectively). The 48-
hour (CTdiff48) difference was non-normally distributed (W = 0.930; P = 0.025), therefore we 
could not analyze this group using a t-test. We found that second CTmax was higher than the first 
for each time point: 24 hr (Paired t-test; T = -5.669; d.f. = 36; P < 0.05) and 72 hr (Paired t-test; 
T = -3.2913; d.f. = 35; P < 0.05; Figure 3-3). We also conducted Wilcoxan signed rank tests for 
24 (d.f. = 36; V = 35; P < 0.05; 95% CI [-0.75, -0.40]; [pseudo]median = -0.55), 48 (d.f. = 35; V 
= 22.5; P < 0.05; 95% CI [-1.00, -0.50]; [pseudo]median = -0.70), and 72 hr (d.f. = 35; V = 
115.5; P = 0.01897; 95% CI [-0.70, -0.20]; [pseudo]median = -0.50) groups. We found 
differences between first CTmax and 2nd CTmax for all groups. Interestingly, we found that 
CTdiff was greatest 48 hours after the initial trial (mean difference = 0.66 °C). We saw individual 
variation in CTmax2 (Figure 3-4) with the highest variation in the 72 hour group (CTmax2 CV = 
1.90; SD = 0.66).  
We found that CTmax1 and fish weight were significant predictors of CTmax2 (χ2 = 30.080; 
d.f. = 1; P < 0.05 and χ2 = 8.1328; d.f. = 1; P = 0.004, respectively), while time was not (χ2 = 
4.166; d.f. = 2; P = 0.125) indicating that we did not in fact reach a hardening endpoint. We 
found a significant, positive relationship between CTmax1 and CTmax2 (T value = 8.586; d.f. = 
106.826; P < 0.05) which was described by the equation: CTmax2’ = 21.35840 + 
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(0.39740*CTmax1 (°C)) – (0.57313*Weight (g)) + (0.11578*Hour48) – (0.12930*Hour72). Fish 
weight was negatively related to CTmax2 (T value = -2.852; d.f. = 101.201; P = 0.005), such that 
fish with more mass displayed lower CTmax values during the second trial (Figure 3-5). 
 
DISCUSSION 
 Fisheries managers are increasingly concerned about the consequences of climate change 
for fish populations around the globe (Dudgeon et al. 2006; Reid et al. 2018; O’Gorman et al. 
2016; Payne et al. 2016). Climate change is expected to drive changes in population 
distributions, with ranges of certain species expanding while others contract (Chu et al. 2005). 
Thermal tolerance of many fishes is likely to change in response to increased warming, although 
it is unlikely that maximum thermal capacities will increase proportionally to environmental 
temperatures (Sandblom et al. 2016). However, hardening could be a mechanism that allows 
some species to survive extreme temperatures. For example, our finding that Fathead minnows 
exhibited thermal hardening might imply that they could be resilient to certain temperature 
fluctuations arising from climate change.   
Our results provide evidence that fish exhibit significant individual thermal plasticity 
(Figure 3-6) and that thermal hardening may occur at varying magnitudes through time. In 
contrast to our predictions, we did not observe thermal tolerance returning to initial levels, but 
instead observed significant hardening at 24, 48, and 72 hours following the first thermal 
tolerance test (Figure 3-3). Therefore, minnows remained “hardened” time points we tested, and 
we did not observe an endpoint to the hardening response of Fathead minnows. Our results are 
contrary to previous work, which found that acute thermal acclimation of Fathead minnows 
resulted in significantly higher CTmax values within 1-4 hours after initial CTmax, but all CTmax 
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values returned to normal within 24 hours (Maness and Hutchinson 1980). This difference could 
be, in part, due to differences in experimental methodology, including differences in heating rate 
(~1 °C hour-1 [Maness and Hutchinson 1980] vs. 18 °C hour-1 [Engel et al. in prep]), smaller 
sample sizes (sample range: 7-10 fish [Maness and Hutchinson 1980] vs. 36-37 fish [Engel et al. 
in prep]), and acclimation temperature (~15 °C [Maness and Hutchinson 1980] vs. ~18 °C 
[Engel et al. in prep]). Some evidence exists that individuals may retain increased thermal 
tolerances for even longer periods of time, (e.g. weeks) due to an acclimation response (Morgan 
et al. 2018).  
While we observed significant differences in critical thermal maximums between each 
treatment group and the initial thermal tolerance test, there were high levels of individual 
variation in thermal tolerance between individuals within each treatment group. Fish tested 72 
hours after initial thermal exposure demonstrated the highest variation in hardening responses 
(CTmax2 CV = 1.90; Table 3.2) with seven individuals that had a lower second CTmax value at 72 
hours than their initial CTmax (Figure 3-4). High variation suggests that individuals express 
differential performance curves in response to environmental stressors. We suspect hardening 
may be mediated through the physiological mechanisms driving hardening (Jeffries et al. 2016). 
Future environmental conditions could select for individuals that are better at hardening and may 
be able to survive episodic heating events. Increased thermal plasticity, however, may have other 
tradeoffs, such as smaller size or lower egg production, which may influence population 
dynamics.  
Currently, the mechanisms that allow organisms to increase thermal tolerance are poorly 
understood, although some evidence suggests that organisms will harden in response to multiple 
stressors. For example, Chinook salmon Oncorhynchus tshawytscha reared under hypoxic and 
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warm conditions showed improved acute thermal tolerance, even when only exposed to hypoxic 
conditions (Del Rio et al. 2019). The actual mechanism allowing Fathead minnows to harden 
could be production of heat shock proteins following the initial exposure to a stressor, and the 
continued elevation of these proteins until degradation occurs (Iwama et al. 1999; Eddy and 
Handy 2012). We found that not all minnows exhibited hardening. In addition, fish tested at later 
time points (~72 hours) showed evidence of no change in CTmax values (Figure 3-7). To more 
thoroughly understand the hardening response of fishes, future studies should focus on different 
species, differing time points (i.e., shorter or longer time intervals), and investigate the influence 
of heat shock proteins or other molecular markers of stress on hardening (Jahan et al., in prep).  
 
Management Implications 
Species that exhibit heat hardening might be better able to cope with extreme fluctuations 
in temperatures, allowing them to survive what would otherwise be lethal temperatures and/or 
expand their thermal range of activity. The individual variation we observed in the ability to 
harden suggests that there may be individual characteristics both within and between species that 
may preclude a hardening response (Manness and Hutchinson 1980; Bilyk et al. 2012). 
Understanding species-specific thermal plasticity and the temporal extent of hardening responses 
may allow managers to predict which species are most vulnerable to climate change. 
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Table 3- 1. Summary of water quality by tank. Temperature (Temp) and dissolved oxygen (DO) 
were recorded daily. Observations of pH, Ammonia, Nitrite, and Nitrate were recorded 
intermittently throughout the experiment. Two tanks were randomly sampled for ammonia, 
nitrite, and nitrate each week. Mortalities reported occurred during acclimatization. All values 
are reported as mean ± (Standard Deviation, SD). 
 
   
Tank pH 
Ammonia 
(mg L-1) 
Nitrite 
(mg L-1) 
Nitrate 
(mg L-1) 
Temperature 
(°C) 
DO 
(mg L-1) 
Mortality 
(N) 
4A 8.3 (0.1) 0.1 (0.1) 0.1 (0.1) 6.3 (2.5) 17.6 (0.1) 8.2 (0.5) 3 
4C 8.3 (0.1) 0.1 (0.1) 0.0 (0.0) 5.8 (3.0) 17.7 (0.2) 8.1 (0.4) 0 
4E 8.3 (0.1) 0.1 (0.1) 0.1 (0.2) 6.6 (3.2) 17.7 (0.2) 8.1 (0.5) 2 
5B 8.2 (0.0) 0.1 (0.2) 0.5 (0.7) 10.0 (0.0) 17.7 (0.2) 7.9 (0.2) 1 
5D 8.2 (0.1) 0.1 (0.1) 0.0 (0.0) 6.0 (3.6) 17.8 (0.2) 7.9 (0.3) 1 
5F 8.3 (0.1) 0.1 (0.1) 0.2 (0.2) 8.6 (6.9) 17.7 (0.1) 8.1 (0.4) 3 
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Table 3-2. N is number of fish tested per treatment. Length, weight, CTmax, and acclimation time 
are reported as mean (standard deviation, SD). Mean Difference is the mean difference between 
1st CTmax and 2nd CTmax. CV is coefficient of variation (SD/mean *100). Mortality refers to the 
number of fish (n) that died during or within 24 hours after experiment was conducted. 
 
Hour N 
Mean 
Length 
(mm) 
Mean 
Weight (g) 
Mean 
CTmax1 
(°C) 
Mean 
CTmax2 
(°C) 
Mean Difference 
(CTmax2 – 
CTmax1) 
CV 
(%) 
Mortality  
(n) 
0 109 35.18 (5.18) 0.38 (0.25) 34.22 (0.68) - - 1.97 3 
24 37 36.00 (6.29) 0.44 (0.29) 34.21 (0.69) 34.71 (0.52) 0.50 1.51 1 
48 36 35.39 (4.83) 0.38 (0.26) 34.17 (0.71) 34.83 (0.62) 0.66 1.78 0 
72 36 34.14 (4.10) 0.31 (0.18) 34.27 (0.65) 34.67 (0.66) 0.40 1.90 1 
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Table 3-3. Generalized linear mixed effects model for hardening of adult Fathead Minnows. We 
examined initial CTmax (°C), fish mass (g), and time (e.g., 24, 48, 72 hrs) as predictors of the 2nd 
CTmax (°C) of adult Fathead Minnows. Fixed effects from GLMM. β (Intercept), SE (standard 
error), d.f. (degrees of freedom). 
  
Parameter 
(Fixed Effects) 
β SE d.f. T-value P-value 
(Intercept) 21.35840 2.48766 107.30338 8.586 7.77e-14 
CTmax1 0.39740 0.07246 106.82551 5.485 2.80e-07 
Fish Mass -0.57313 0.20097 101.20097 -2.852 0.00527 
Hour48 0.11578 0.11904 107.73896 0.973 0.33294 
Hour72 -0.12930 0.12084 108.00504 -1.070 0.28701 
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Figure 3-1. Expected pattern of hardening in Fathead minnows over 24, 48, and 72 hours. We 
predicted that thermal tolerance of fish in the 72-hour group would return to initial levels.  
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Figure 3-2. Mean CTmax of Fathead Minnows at 0, 24, 48, and 72 hours. Error bars represent 
95% Confidence Intervals. 
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Figure 3-3. Thermal hardening of Fathead minnows at 24, 48, and 72 hours. Dots represent fish, 
boxplot represents 75th quartile, and the line represents the median.  
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Figure 3-4. Thermal hardening of Fathead minnows at 24, 48, and 72 hours. Dots represent fish, 
boxplot represents 75th quartile, and the line represents the median, and lines connect individuals 
across time.  
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Figure 3-5. 2nd CTmax of Fathead Minnows by weight (g). 
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Figure 3-6. CTmax2 by CTmax1. Line represents 1 to 1 ratio. Individual Fathead Minnows that 
improved on their second CTmax are above the line, while individuals that had decreased thermal 
tolerance are below the line. Most individuals that are below the line come from 72-hour group. 
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Figure 3-7. CTmax of Fathead Minnows with actual time of the experiment of 2
nd experiment.   
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APPENDIX A 
 
Example of atrazine spike calculation:  
 
Chemical Correction 
Factor 
(CF) 
Mass Corrected 
Mass 
Methanol 
Calc. 
(mL) 
Methanol 
Calc. (g) 
Methanol 
Actual 
(g) 
Concentration 
(µg µL-1) 
Atrazine 1.00 0.14947 0.14947 9.96467 7.88604 7.88540 15.00121 
 
Methanol Calc. (mL) 
(0.14947/15.00) x 1000 = 9.96467 mL 
Methanol Calc. (g) 
9.96467 x 0.7914 = 7.88604 
Actual Concentration (µg/µL) 
0.14947 x 0.7914 x 1000/ 7.88540 = 15.00121 µg/µL 
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APPENDIX B 
 
R Statistical Outputs 
#Density Acute output 
Anova Table (Type II tests) 
 
Response: ctTemp 
          Sum Sq  Df F value Pr(>F) 
Density    0.884   1  2.3601 0.1263 
Residuals 63.335 169                
> summary(densityAcute) 
 
Call: 
lm(formula = ctTemp ~ Density, data = Acute) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-2.51089 -0.26910  0.08973  0.38539  1.42254  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.319563   0.089521 383.371   <2e-16 *** 
Density     -0.008359   0.005441  -1.536    0.126     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.6122 on 169 degrees of freedom 
Multiple R-squared:  0.01377, Adjusted R-squared:  0.007937  
F-statistic:  2.36 on 1 and 169 DF,  p-value: 0.1263 
 
#Density Chronic output 
Response: ctTemp 
           Sum Sq Df F value Pr(>F) 
Density    0.3145  1  1.0002 0.3224 
Residuals 14.7794 47                
> summary(densLM) 
 
Call: 
lm(formula = ctTemp ~ Density, data = df) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-2.32935 -0.26440  0.04333  0.33148  0.92168  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.293785   0.153134   223.9   <2e-16 *** 
Density     -0.009794   0.009793    -1.0    0.322     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.5608 on 47 degrees of freedom 
Multiple R-squared:  0.02084, Adjusted R-squared:  3.433e-06  
F-statistic:     1 on 1 and 47 DF,  p-value: 0.3224 
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#Density All Data 
Anova Table (Type II tests) 
 
Response: ctTemp 
          Sum Sq  Df F value  Pr(>F)   
Density    1.872   1  5.2358 0.02303 * 
Residuals 82.243 230                   
--- 
Signif. codes:   
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> summary(DensityAll) 
 
Call: 
lm(formula = ctTemp ~ Density, data = CtmaxData2) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-2.49412 -0.29610  0.05688  0.39569  1.44668  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.326698   0.075273 456.032   <2e-16 *** 
Density     -0.010199   0.004457  -2.288    0.023 *   
--- 
Signif. codes:   
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.598 on 230 degrees of freedom 
Multiple R-squared:  0.02226, Adjusted R-squared:  0.01801  
F-statistic: 5.236 on 1 and 230 DF,  p-value: 0.02303 
 
#Density Control Groups 
> conModDen <- lm(ctTemp~Density, data = ControlData) 
> Anova(conModDen) 
Anova Table (Type II tests) 
 
Response: ctTemp 
           Sum Sq Df F value Pr(>F) 
Density    0.2396  1  0.7864 0.3798 
Residuals 14.0170 46                
> summary(conModDen) 
 
Call: 
lm(formula = ctTemp ~ Density, data = ControlData) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-1.3906 -0.3441  0.0427  0.4310  0.9360  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.170544   0.149533 228.515   <2e-16 *** 
Density     -0.006658   0.007508  -0.887     0.38     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.552 on 46 degrees of freedom 
Multiple R-squared:  0.01681, Adjusted R-squared:  -0.004566  
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F-statistic: 0.7864 on 1 and 46 DF,  p-value: 0.3798 
 
Chronic Model 
 
## Anova Table (Type II tests) 
##  
## Response: ctTemp 
##            Sum Sq Df F value Pr(>F) 
## Levels     1.2432  3  1.3266 0.2778 
## Weight     0.1502  1  0.4809 0.4917 
## Residuals 13.7446 44 
##  
## Call: 
## lm(formula = ctTemp ~ Levels + Weight, data = df) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.20238 -0.28951  0.01951  0.34332  1.08668  
##  
## Coefficients: 
##             Estimate Std. Error t value Pr(>|t|)     
## (Intercept)  34.0220     0.1967 172.995   <2e-16 *** 
## LevelsHigh   -0.1853     0.2283  -0.812    0.421     
## LevelsLow     0.1799     0.2300   0.782    0.438     
## LevelsMed     0.2072     0.2296   0.902    0.372     
## Weight        0.5472     0.7891   0.693    0.492     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.5589 on 44 degrees of freedom 
## Multiple R-squared:  0.08939,    Adjusted R-squared:  0.00661  
## F-statistic:  1.08 on 4 and 44 DF,  p-value: 0.378 
 
Acute Model 
## Anova Table (Type II tests) 
##  
## Response: ctTemp 
##             Sum Sq  Df F value Pr(>F)   
## FishLevels   2.464   3  2.0937 0.1039   
## WaterLevels  3.583   3  3.0442 0.0310 * 
## Weight       0.783   1  1.9953 0.1600   
## Residuals   54.139 138                  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Call: 
## lm(formula = ctTemp ~ FishLevels + WaterLevels + Weight, data = df2) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.08217 -0.28069  0.07757  0.35137  1.34741  
##  
## Coefficients: 
##                   Estimate Std. Error t value Pr(>|t|)     
## (Intercept)      3.373e+01  1.560e-01 216.265   <2e-16 *** 
## FishLevelsHigh   2.650e-01  1.403e-01   1.888   0.0611 .   
## FishLevelsLow    1.203e-02  1.676e-01   0.072   0.9429     
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## FishLevelsMed    2.912e-01  1.422e-01   2.048   0.0424 *   
## WaterLevelsHigh  2.565e-01  1.588e-01   1.615   0.1087     
## WaterLevelsLow  -1.056e-15  1.456e-01   0.000   1.0000     
## WaterLevelsMed   4.151e-01  1.592e-01   2.608   0.0101 *   
## Weight           7.897e-01  5.591e-01   1.413   0.1600     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.6263 on 138 degrees of freedom 
## Multiple R-squared:  0.1054, Adjusted R-squared:  0.06004  
## F-statistic: 2.323 on 7 and 138 DF,  p-value: 0.02855 
## $statistics 
##     MSerror  Df     Mean       CV 
##   0.3923107 138 34.17945 1.832525 
 
TUKEY’S TEST 
## $parameters 
##    test      name.t ntr StudentizedRange alpha 
##   Tukey WaterLevels   4          3.67782  0.05 
##  
## $means 
##           ctTemp       std  r  Min  Max    Q25  Q50    Q75 
## Control 34.05135 0.6673420 37 31.7 35.0 34.000 34.1 34.500 
## High    34.23056 0.6475534 36 32.5 35.1 33.875 34.4 34.625 
## Low     34.05135 0.6673420 37 31.7 35.0 34.000 34.1 34.500 
## Med     34.39167 0.5567123 36 32.8 35.6 34.000 34.4 34.700 
##  
## $comparison 
## NULL 
##  
## $groups 
##           ctTemp groups 
## Med     34.39167      a 
## High    34.23056      a 
## Control 34.05135      a 
## Low     34.05135      a 
##  
## attr(,"class") 
## [1] "group" 
 
#Mod1 
Anova Table (Type II tests) 
 
Response: Atrazine 
          Sum Sq Df F value    Pr(>F)     
Tank      372649  5  38.993 3.024e-12 *** 
Residuals  57340 30                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Atrazine Analysis 
#Mod2 log transformed  
Anova Table (Type II tests) 
 
Response: logAtr 
           Sum Sq Df F value    Pr(>F)     
Tank      110.331  5  37.759 4.562e-12 *** 
Residuals  17.532 30                       
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> aov(mod2) -> q 
 
> tukey.test2 <- HSD.test(q, trt = 'Tank', alpha = 0.05) 
> tukey.test2 
$statistics 
    MSerror Df     Mean       CV 
  0.5843987 30 3.307607 23.11217 
 
$parameters 
   test name.t ntr StudentizedRange alpha 
  Tukey   Tank   6         4.301464  0.05 
 
$means 
      logAtr       std r        Min      Max       Q25       Q50      Q75 
4B 5.2989415 0.3823954 6  4.6621175 5.822217 5.2330558 5.2890700 5.459860 
4E 1.3024727 0.9413060 5  0.0000000 2.441477 0.7747272 1.5195132 1.776646 
4F 3.0793539 1.1747358 7  0.5933268 4.025530 3.0359385 3.4477629 3.708490 
5A 0.8280749 0.9149970 6 -0.6733446 2.127041 0.5997049 0.9228633 1.113497 
5C 3.5399075 0.2796589 6  3.1108451 3.837946 3.3795053 3.5897272 3.748758 
5E 5.5007454 0.2826422 6  5.1738873 5.842094 5.2669977 5.4930655 5.731305 
 
$comparison 
NULL 
 
$groups 
      logAtr groups 
5E 5.5007454      a 
4B 5.2989415      a 
5C 3.5399075      b 
4F 3.0793539      b 
4E 1.3024727      c 
5A 0.8280749      c 
 
attr(,"class") 
[1] "group" 
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#Control Group Mod 
Anova Table (Type II tests) 
 
Response: ctTemp 
           Sum Sq Df F value Pr(>F) 
Treatment  0.2883  3  0.3027 0.8232 
Residuals 13.9683 44                
> summary(conMod) 
 
Call: 
lm(formula = ctTemp ~ Treatment, data = ControlData) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-1.39167 -0.34375 -0.00417  0.40625  0.90000  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.100000   0.162650 209.652   <2e-16 *** 
Treatment17 -0.175000   0.230023  -0.761    0.451     
Treatment18 -0.008333   0.230023  -0.036    0.971     
Treatment19  0.016667   0.230023   0.072    0.943     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.5634 on 44 degrees of freedom 
Multiple R-squared:  0.02022, Adjusted R-squared:  -0.04658  
F-statistic: 0.3027 on 3 and 44 DF,  p-value: 0.8232 
> conMod2 <- lm(ctTemp~Treatment + Weight, data = ControlData) 
> Anova(conMod2) 
Anova Table (Type II tests) 
 
Response: ctTemp 
           Sum Sq Df F value  Pr(>F)   
Treatment  0.3336  3  0.3763 0.77051   
Weight     1.2610  1  4.2672 0.04491 * 
Residuals 12.7073 43                   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> summary(conMod2) 
 
Call: 
lm(formula = ctTemp ~ Treatment + Weight, data = ControlData) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-1.29712 -0.38167  0.06098  0.32687  0.93299  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) 33.89107    0.18670 181.529   <2e-16 *** 
Treatment17 -0.18966    0.22204  -0.854   0.3977     
Treatment18 -0.15862    0.23355  -0.679   0.5007     
Treatment19 -0.01388    0.22242  -0.062   0.9505     
Weight       1.46618    0.70977   2.066   0.0449 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.5436 on 43 degrees of freedom 
Multiple R-squared:  0.1087, Adjusted R-squared:  0.02576  
F-statistic: 1.311 on 4 and 43 DF,  p-value: 0.2812 
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#ANOVA TABLE (TYPE II tests) 
 
Response: ctTemp 
          Sum Sq  Df F value Pr(>F) 
Weight     0.649   1  1.7893 0.1823 
Residuals 83.465 230                
> summary(weightMod) 
 
Call: 
lm(formula = ctTemp ~ Weight, data = CtmaxData2) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-2.44767 -0.24768  0.07075  0.39704  1.44706  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) 34.08449    0.08145 418.458   <2e-16 *** 
Weight       0.52651    0.39361   1.338    0.182     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.6024 on 230 degrees of freedom 
Multiple R-squared:  0.007719, Adjusted R-squared:  0.003405  
F-statistic: 1.789 on 1 and 230 DF,  p-value: 0.1823 
 
#24 HR GROUP 
 
 Shapiro-Wilk normality test 
 
data:  HaH0_24$DiffctTemp 
W = 0.9792, p-value = 0.7039 
 
 
 Paired t-test 
 
data:  before24 and after24 
t = -5.6691, df = 36, p-value = 1.925e-06 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -0.6752039 -0.3193907 
sample estimates: 
mean of the differences  
             -0.4972973  
 
#48 HR GROUP 
 
 Shapiro-Wilk normality test 
 
data:  HaH0_48$DiffctTemp 
W = 0.93012, p-value = 0.02523 
 Wilcoxon signed rank test with continuity correction 
 
data:  before48 and after48 
V = 22.5, p-value = 1.014e-05 
alternative hypothesis: true location shift is not equal to 0 
 
#72 HR GROUP 
 
 Shapiro-Wilk normality test 
 
data:  HaH0_72$DiffctTemp 
W = 0.98144, p-value = 0.7928 
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 Paired t-test 
 
data:  before72 and after72 
t = -3.2913, df = 35, p-value = 0.002283 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -0.6512150 -0.1543406 
sample estimates: 
mean of the differences  
             -0.4027778  
 
 
Hardening Model 
Loading required package: arm 
Loading required package: MASS 
  
Attaching package: 'MASS' 
The following object is masked from 'package:dplyr': 
  
    select 
 
arm (Version 1.10-1, built: 2018-4-12) 
Working directory is C:/Users/aengel3/Documents/GitHub 
  
Attaching package: 'arm' 
The following object is masked from 'package:car': 
  
   logit 
Linear mixed model fit by maximum likelihood  ['lmerModLmerTest'] 
Formula: ctTemp2 ~ ctTemp + Weight + Hour2 + (1 | WaterTank) 
   Data: HardFinal 
     AIC      BIC   logLik deviance df.resid  
174.4779 193.3173 -80.2389 160.4779      102  
Random effects: 
Groups    Name        Std.Dev. 
WaterTank (Intercept) 0.04275  
Residual              0.50350  
Number of obs: 109, groups:  WaterTank, 6 
Fixed Effects: 
(Intercept)       ctTemp       Weight      Hour248      Hour272   
     21.3584       0.3974      -0.5731       0.1158      -0.1293 
 [1] FALSE 
Analysis of Deviance Table (Type II Wald chisquare tests) 
  
Response: ctTemp2 
          Chisq Df Pr(>Chisq)     
ctTemp 30.0804  1  4.145e-08 *** 
Weight  8.1328  1   0.004347 **  
Hour2   4.1663  2   0.124540     
--- 
Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
Linear mixed model fit by maximum likelihood . t-tests use 
Satterthwaite's method [lmerModLmerTest] 
Formula: ctTemp2 ~ ctTemp + Weight + Hour2 + (1 | WaterTank) 
   Data: HardFinal 
 
      AIC      BIC   logLik deviance df.resid  
      174.5    193.3    -80.2    160.5      102  
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Scaled residuals:  
      Min       1Q   Median       3Q      Max  
   -2.90765 -0.55460  0.07614  0.50253  2.32537  
  
Random effects: 
Groups    Name        Variance Std.Dev. 
WaterTank (Intercept) 0.001827 0.04275  
Residual              0.253510 0.50350  
Number of obs: 109, groups:  WaterTank, 6 
 
Fixed effects: 
              Estimate Std. Error        df t value Pr(>|t|)     
(Intercept)  21.35840    2.48766 107.30338   8.586 7.77e-14 *** 
ctTemp        0.39740    0.07246 106.82551   5.485 2.80e-07 *** 
Weight       -0.57313    0.20097 101.20097  -2.852  0.00527 **  
Hour248       0.11578    0.11904 107.73896   0.973  0.33294     
Hour272      -0.12930    0.12084 108.00504  -1.070  0.28701     
--- 
Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
  
Correlation of Fixed Effects: 
         (Intr) ctTemp Weight Hor248 
ctTemp  -0.999                      
Weight  -0.107  0.072               
Hour248 -0.054  0.028  0.096        
Hour272 -0.004 -0.026  0.204  0.499 
 
#Acclimation Temperature and CTmax 
 
modTA <- lm(ctTemp ~ TempTA, data = Hardening) 
> Anova(modTA) 
Anova Table (Type II tests) 
 
Response: ctTemp 
           Sum Sq  Df F value Pr(>F) 
TempTA      0.183   1  0.3841 0.5361 
Residuals 103.062 216                
> summary(modTA) 
 
Call: 
lm(formula = ctTemp ~ TempTA, data = Hardening) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-2.4747 -0.3878  0.1274  0.5035  1.4165  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) 35.15453    1.09407   32.13   <2e-16 *** 
TempTA      -0.04358    0.07031   -0.62    0.536     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.6908 on 216 degrees of freedom 
Multiple R-squared:  0.001775, Adjusted R-squared:  -0.002846  
F-statistic: 0.3841 on 1 and 216 DF,  p-value: 0.5361 
 
#Wilcoxan signed rank  
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#48 hours 
 
> sign48 <- wilcox.test(before48, after48, mu = 0, alt = "two.sided", paired 
= TRUE, conf.int = TRUE, conf.level = 0.95) 
 
> sign48 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  before48 and after48 
V = 22.5, p-value = 1.014e-05 
alternative hypothesis: true location shift is not equal to 0 
95 percent confidence interval: 
 -0.9999468 -0.4999580 
sample estimates: 
(pseudo)median  
    -0.7000832  
 
# 72 hours 
 
      Wilcoxon signed rank test with continuity correction 
 
sign72 <- wilcox.test(before72, after72, mu = 0, alt = "two.sided", paired = 
TRUE, conf.int = TRUE, conf.level = 0.95) 
 
> sign72 
 
data:  before72 and after72 
V = 115.5, p-value = 0.001897 
alternative hypothesis: true location shift is not equal to 0 
95 percent confidence interval: 
 -0.6999506 -0.1999973 
sample estimates: 
(pseudo)median  
    -0.4499499  
 
#24 hours 
 
> sign24 <- wilcox.test(before24, after24, mu = 0, alt = "two.sided", paired 
= TRUE, conf.int = TRUE, conf.level = 0.95) 
 
> sign24 
 
 Wilcoxon signed rank test with continuity correction 
 
data:  before24 and after24 
V = 35, p-value = 1.915e-05 
alternative hypothesis: true location shift is not equal to 0 
95 percent confidence interval: 
 -0.7500470 -0.3999327 
sample estimates: 
(pseudo)median  
         -0.55  
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APPENDIX C 1 
 2 
Atrazine water data from acclimatization tanks.  3 
Lab_ID_String Sample_ID Collection_Date Atrazine DEA DIA Batch %Propazine Analysis Date Protocol 
18-7090 18-4B-1 10/15/2018 201.97 0.00 0.00 W18826 158.7 6/4/2019 09_12_01 
18-7091 18-4E-1 10/15/2018 11.49 0.00 0.00 W18826 141.0 6/4/2019 09_12_01 
18-7092 18-4F-1 10/15/2018 1.81 0.00 0.00 W18826 151.7 6/4/2019 09_12_01 
18-7093 18-5A-1 10/15/2018 0.51 0.00 0.00 W18826 162.6 6/4/2019 09_12_01 
18-7094 18-5C-1 10/15/2018 28.43 0.00 0.00 W18826 161.7 6/4/2019 09_12_01 
18-7095 18-5F-1 10/15/2018 182.98 0.00 0.00 W18826 163.7 6/4/2019 09_12_01 
18-7096 18-4B-2 10/22/2018 247.26 0.00 0.00 W18826 166.1 6/4/2019 09_12_01 
18-7097 18-4E-2 10/22/2018 4.57 0.00 0.00 W18826 153.6 6/4/2019 09_12_01 
18-7098 18-4F-2 10/22/2018 31.43 0.00 0.00 W18826 162.3 6/4/2019 09_12_01 
18-7099 18-5A-2 10/22/2018 8.39 0.00 0.00 W18826 104.3 6/4/2019 09_12_01 
18-7100 18-5C-2 10/22/2018 40.60 0.00 0.00 W18826 160.9 6/4/2019 09_12_01 
18-7101 18-5F-2 10/22/2018 327.99 0.00 0.00 W18826 168.1 6/4/2019 09_12_01 
18-7102 18-4B-3 10/29/2018 105.86 8.14 0.00 W18826 167.4 6/4/2019 09_12_01 
18-7103 18-4E-3 10/29/2018 5.91 0.00 0.00 W18826 163.3 6/4/2019 09_12_01 
18-7104 18-4F-3 10/29/2018 15.28 0.00 0.00 W18826 174.8 6/4/2019 09_12_01 
18-7105 18-5A-3 10/29/2018 3.03 0.00 0.00 W18826 178.7 6/4/2019 09_12_01 
18-7106 18-5C-3 10/29/2018 22.44 0.00 0.00 W18826 94.9 6/4/2019 09_12_01 
18-7107 18-5F-3 10/29/2018 256.28 0.00 0.00 W18826 109.4 6/4/2019 09_12_01 
18-7108 18-4B-4 11/4/2018 194.42 0.00 0.00 W18826 105.4 6/4/2019 09_12_01 
18-7109 18-4E-4 11/4/2018 1.00 0.00 0.00 W18826 164.8 6/4/2019 09_12_01 
18-7110 18-4F-4 11/4/2018 49.94 0.00 0.00 W18826 109.3 6/4/2019 09_12_01 
18-7111 18-5A-4 11/4/2018 1.74 0.00 0.00 W18826 103.9 6/4/2019 09_12_01 
18-7112 18-5C-4 11/4/2018 43.11 0.00 0.00 W18826 109.2 6/4/2019 09_12_01 
18-7113 18-5F-4 11/4/2018 176.60 0.00 0.00 W18826 111.6 6/4/2019 09_12_01 
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19-1946 18-4B-7 11/27/2019 337.72 0.00 0.00 W19147 168.6 6/4/2019 09_12_01 
19-1948 18-5E-7 11/27/2019 344.50 0.00 0.00 W19147 161.0 6/4/2019 09_12_01 
19-1949 18-4B-5 11/12/2019 185.07 0.00 0.00 W19147 161.2 6/4/2019 09_12_01 
19-1950 18-5A-7 11/27/2019 2.09 0.00 0.00 W19147 147.0 6/4/2019 09_12_01 
19-1951 18-5E-5 11/12/2019 230.41 0.00 0.00 W19147 161.2 6/4/2019 09_12_01 
19-1952 18-5C-7 11/27/2019 46.43 0.00 0.00 W19147 153.4 6/4/2019 09_12_01 
19-1953 18-4F-7 11/27/2019 56.01 0.00 0.00 W19147 156.4 6/4/2019 09_12_01 
19-1954 18-5C-5 11/12/2019 32.32 0.00 0.00 W19147 158.9 6/4/2019 09_12_01 
19-1955 18-4E-5 11/12/2019 2.17 0.00 0.00 W19147 150.3 6/4/2019 09_12_01 
19-1956 18-5A-5 11/12/2019 3.05 0.00 0.00 W19147 157.9 6/4/2019 09_12_01 
19-1957 18-4F-6 11/19/2019 28.37 0.00 0.00 W19147 154.5 6/4/2019 09_12_01 
19-1958 18-4F-5 11/12/2019 33.32 0.00 0.00 W19147 142.0 6/4/2019 09_12_01 
          
 Detection Limits (ug/L) => 0.5 0.5 0.5     
 4 
  5 
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APPENDIX D 6 
 7 
Atrazine Experiment Fathead Minnow Data 8 
CtID (CTmax #), ExpDate (Experiement Date), TestType (CT ~Atrazine Test, HA ~Hardening), FishTank 9 
(Acclimatization Tank), WaterTank (Water fish was tested in for CTmax), Treat (Treatment), FishUID (Fish 10 
Unique ID), TempTA (20 min. Acclimation Water Temperature), ctMin (Time for CTmax in hours: minutes: 11 
seconds), ctTemp (CTmax of fish in °C), Length (Length of fish in mm), Weight (Weight of fish in g), 12 
Survive24 (Did the fish survive 24 hrs past CTmax; Y ~Yes, N ~No).     13 
ctID ExpDate TestType FishTank WaterTank Treat FishUID TempTA ctMin ctTemp Length Weight Survive24 
1 10/30/2018 CT 4D 4C 19 18-014-4D 17.8 0:56:00 35.0 26 0.24 N 
1 10/30/2018 CT 4C 4C 16 18-015-4C 18.0 0:50:00 34.2 28 0.18 Y 
1 10/30/2018 CT 4B 4B 1 18-016-4B 18.0 0:51:00 34.4 20 0.08 N 
1 10/30/2018 CT 5E 5C 2 18-017-5E 18.1 0:54:00 35.0 20 0.07 Y 
2 10/31/2018 CT 5E 5B 4 18-018-5E 19.6 0:46:00 33.1 20 0.08 N 
2 10/31/2018 CT 4F 5C 6 18-019-4F 19.8 0:47:00 33.9 27 0.17 Y 
2 10/31/2018 CT 4D 4D 17 18-020-4D 19.8 0:45:00 33.6 28 0.20 Y 
2 10/31/2018 CT 5A 4F 10 18-021-5A 20.0 0:46:00 33.6 24 0.11 Y 
3 10/31/2018 CT 5B 4E 15 18-022-5B 18.0 0:54:00 34.6 26 0.14 N 
3 10/31/2018 CT 5A 5A 11 18-023-5A 18.0 0:52:00 34.6 23 0.10 Y 
3 10/31/2018 CT 5C 4E 7 18-024-5C 18.0 0:53:00 34.5 26 0.13 Y 
3 10/31/2018 CT 5C 5D 8 18-025-5C 18.0 0:53:00 34.7 30 0.20 Y 
4 11/1/2018 CT 4B 5E 1 18-026-4B 17.3 0:46:00 33.0 30 0.21 Y 
4 11/1/2018 CT 5A 4B 9 18-027-5A 17.6 0:47:00 33.7 30 0.22 Y 
4 11/1/2018 CT 4F 5D 8 18-028-4F 17.7 0:48:00 33.6 26 0.14 Y 
4 11/1/2018 CT 4A 4C 16 18-029-4A 17.5 0:46:00 33.4 24 0.08 Y 
5 11/2/2018 CT 4A 4E 15 18-030-4A 17.6 0:45:00 31.7 22 0.06 Y 
5 11/2/2018 CT 4B 4C 4 18-031-4B 17.8 0:54:00 34.8 30 0.16 Y 
5 11/2/2018 CT 5D 5E 13 18-032-5D 17.8 0:49:00 33.8 25 0.10 Y 
5 11/2/2018 CT 5F 5F 17 18-033-5F 17.9 0:52:00 34.3 24 0.10 Y 
6 11/3/2018 CT 4C 4D 18 18-034-4C 17.5 0:51:00 34.0 40 0.63 Y 
6 11/3/2018 CT 5C 5E 5 18-035-5C 17.6 0:52:00 34.4 33 0.33 Y 
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6 11/3/2018 CT 4F 4E 7 18-036-4F 17.7 0:53:00 34.7 25 0.12 Y 
6 11/3/2018 CT 5C 5C 6 18-037-5C 17.7 0:54:00 35.0 29 0.17 Y 
7 11/3/2018 CT 4E 4A 12 18-038-4E 18.0 0:51:00 34.0 32 0.26 Y 
7 11/3/2018 CT 5C 5E 5 18-039-5C 18.2 0:52:00 35.0 22 0.09 Y 
7 11/3/2018 CT 5B 5B 16 18-040-5B 18.1 0:52:00 35.0 26 0.17 N 
7 11/3/2018 CT 4B 4E 3 18-041-4B 18.3 0:51:00 34.5 36 0.46 N 
8 11/4/2018 CT 5C 5D 8 18-042-5C 17.4 0:47:00 32.4 25 0.14 Y 
8 11/4/2018 CT 4E 4F 10 18-043-4E 17.6 0:47:00 32.8 27 0.15 Y 
8 11/4/2018 CT 5B 5E 13 18-044-5B 17.7 0:45:00 33.0 25 0.13 Y 
8 11/4/2018 CT 4F 4B 5 18-045-4F 17.7 0:45:00 32.5 22 0.09 Y 
9 11/4/2018 CT 4A 4D 18 18-046-4A 17.4 0:48:00 32.7 21 0.07 Y 
9 11/4/2018 CT 5B 5A 15 18-047-5B 17.6 0:49:00 33.4 24 0.11 Y 
9 11/4/2018 CT 5D 5D 16 18-048-5D 17.6 0:50:00 33.6 27 0.13 Y 
9 11/4/2018 CT 4F 4E 7 18-049-4F 17.7 0:48:00 33.0 20 0.07 Y 
10 11/5/2018 CT 4E 4A 12 18-050-4E 17.2 0:50:00 33.5 30 0.25 Y 
10 11/5/2018 CT 5E 5B 4 18-051-5E 17.4 0:51:00 34.4 25 0.12 Y 
10 11/5/2018 CT 5E 5C 2 18-052-5E 17.6 0:52:00 34.6 20 0.04 Y 
10 11/5/2018 CT 4C 4D 18 18-053-4C 17.7 0:54:00 34.6 38 0.52 Y 
11 11/5/2018 CT 5E 5E 1 18-054-5E 17.4 0:51:00 33.9 23 0.08 Y 
11 11/5/2018 CT 4E 4A 12 18-055-4E 17.6 0:52:00 34.4 23 0.11 Y 
11 11/5/2018 HA 5D 5D 16 18-048-5D 17.6 0:53:00 34.5 27 0.13 Y 
11 11/5/2018 CT 4F 4C 8 18-056-4F 17.7 0:51:00 34.0 33 0.30 Y 
12 11/5/2018 CT 5F 5D 19 18-057-5D 17.7 0:51:00 34.1 22 0.07 Y 
12 11/5/2018 CT 4B 4F 2 18-058-4B 17.9 0:51:00 34.4 25 0.11 Y 
12 11/5/2018 CT 5D 5E 13 18-059-5D 17.9 0:49:00 34.0 21 0.08 Y 
12 11/5/2018 CT 4C 4F 14 18-060-4C 18.0 0:50:00 34.7 25 0.10 Y 
13 11/5/2018 CT 4A 4D 18 18-061-4A 17.4 0:51:00 33.6 19 0.04 Y 
13 11/5/2018 CT 4A 4E 15 18-062-4A 17.5 0:51:00 34.2 27 0.15 Y 
13 11/5/2018 CT 5C 5C 6 18-063-5C 17.6 0:54:00 34.9 20 0.06 Y 
13 11/5/2018 CT 5D 5A 15 18-064-5D 17.6 0:54:00 35.0 20 0.06 Y 
14 11/6/2018 CT 5B 5F 18 18-065-5B 17.1 0:52:00 34.1 28 0.15 Y 
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14 11/6/2018 CT 5E 5C 2 18-066-5E 17.4 0:49:00 34.3 26 0.12 Y 
14 11/6/2018 CT 4B 4C 4 18-067-4B 17.4 0:48:00 34.0 30 0.21 Y 
14 11/6/2018 CT 4E 4A 12 18-068-4E 17.4 0:46:00 33.0 30 0.19 Y 
15 11/6/2018 CT 4A 4B 13 18-069-4A 17.1 0:53:00 33.7 39 0.53 Y 
15 11/6/2018 CT 4E 4B 9 18-070-4E 17.4 0:53:00 34.0 24 0.09 Y 
15 11/6/2018 CT 5C 5D 8 18-071-5C 17.4 0:52:00 33.7 28 0.19 Y 
15 11/6/2018 CT 4D 4D 17 18-072-4D 17.6 0:52:00 33.7 24 0.12 Y 
16 11/6/2018 CT 5E 5A 3 18-073-5E 17.3 0:55:00 34.0 20 0.05 Y 
16 11/6/2018 CT 4F 4B 5 18-074-4F 17.5 0:49:00 33.6 32 0.21 Y 
16 11/6/2018 CT 5B 5E 13 18-075-5B 17.5 0:53:00 34.2 26 0.12 Y 
16 11/6/2018 CT 5D 5C 14 18-076-5D 17.6 0:51:00 34.0 29 0.17 Y 
17 11/7/2018 CT 5B 5C 14 18-077-5B 17.6 0:56:00 34.4 22 0.07 Y 
17 11/7/2018 CT 5C 5A 7 18-078-5C 17.6 0:53:00 34.6 33 0.31 Y 
17 11/7/2018 CT 4F 4F 6 18-079-4F 17.7 0:51:00 34.1 29 0.23 Y 
17 11/7/2018 CT 4E 4A 12 18-080-4E 17.7 0:53:00 34.7 25 0.13 Y 
18 11/7/2018 CT 4D 4C 19 18-081-4D 17.3 0:55:00 34.7 20 0.07 Y 
18 11/7/2018 CT 4C 4F 14 18-082-4C 17.5 0:50:00 34.2 22 0.08 Y 
18 11/7/2018 CT 5A 5C 10 18-083-5A 17.6 0:50:00 34.0 31 0.25 Y 
18 11/7/2018 CT 5E 5E 1 18-084-5E 17.6 0:54:00 34.7 24 0.09 Y 
19 11/7/2018 CT 4C 4E 15 18-085-4C 17.7 0:54:00 34.6 24 0.09 Y 
19 11/7/2018 CT 4A 4F 14 18-086-4A 18.0 0:52:00 34.4 29 0.17 Y 
19 11/7/2018 CT 5B 5E 13 18-087-5B 18.0 0:45:00 32.7 23 0.09 Y 
19 11/7/2018 CT 5A 5A 11 18-088-5A 18.0 0:51:00 34.4 29 0.17 Y 
20 11/7/2018 CT 4B 4E 3 18-089-4B 17.9 0:54:00 34.6 32 0.25 Y 
20 11/7/2018 CT 4A 4F 14 18-090-4A 18.0 0:53:00 34.9 25 0.11 Y 
20 11/7/2018 CT 5F 5D 19 18-091-5F 18.0 0:52:00 34.4 25 0.10 Y 
20 11/7/2018 CT 5A 5E 9 18-092-5A 18.1 0:53:00 34.7 25 0.13 Y 
21 11/8/2018 CT 5D 5D 16 18-093-5D 17.6 0:50:00 33.7 26 0.12 Y 
21 11/8/2018 CT 5E 5E 1 18-094-5E 17.9 0:43:00 31.7 25 0.12 Y 
21 11/8/2018 CT 4C 4B 13 18-095-4C 18.0 0:49:00 33.5 27 0.16 Y 
21 11/8/2018 CT 4A 4F 14 18-096-4A 18.0 0:47:00 33.2 25 0.18 N 
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22 11/11/2018 CT 5C 5C 6 18-097-5C 17.6 0:51:00 34.0 26 0.19 N 
22 11/11/2018 CT 5D 5A 15 18-098-5D 17.7 0:52:00 34.6 30 0.18 Y 
22 11/11/2018 CT 4F 4B 5 18-099-4F 17.8 0:53:00 34.9 28 0.15 Y 
22 11/11/2018 CT 4E 4B 9 18-100-4E 17.9 0:53:00 35.0 25 0.09 Y 
23 11/11/2018 CT 5D 5A 15 18-101-5D 18.0 0:49:00 34.0 26 0.15 Y 
23 11/11/2018 CT 5B 5F 18 18-102-5B 18.1 0:49:00 34.3 30 0.23 Y 
23 11/11/2018 CT 5E 5C 2 18-103-5E 18.2 0:46:00 33.8 27 0.16 Y 
23 11/11/2018 CT 4E 4E 11 18-104-4E 18.3 0:49:00 34.3 27 0.12 Y 
24 11/12/2018 CT 4F 4C 8 18-105-4F 17.7 0:52:00 34.3 27 0.16 Y 
24 11/12/2018 CT 5D 5C 14 18-106-5D 17.9 0:50:00 34.0 31 0.24 Y 
24 11/12/2018 CT 5E 5A 2 18-107-5E 18.0 0:52:00 34.0 23 0.09 Y 
24 11/12/2018 CT 4E 4E 11 18-108-4E 18.0 0:51:00 34.2 30 0.20 Y 
25 11/12/2018 CT 5F 5F 17 18-109-5F 17.7 0:50:00 33.4 25 0.12 Y 
25 11/12/2018 CT 4D 4D 17 18-110-4D 18.0 0:52:00 34.7 25 0.10 Y 
25 11/12/2018 CT 4F 4E 7 18-111-4F 18.0 0:45:00 33.0 25 0.10 Y 
25 11/12/2018 CT 5E 5B 3 18-112-5E 18.0 0:52:00 34.7 25 0.11 Y 
26 11/12/2018 CT 5A 5A 11 18-113-5A 17.3 0:55:06 34.0 27 0.16 Y 
26 11/12/2018 CT 5A 5B 10 18-114-5A 17.4 0:53:23 35.6 30 0.21 Y 
26 11/12/2018 CT 4F 4F 6 18-115-4F 17.5 0:52:55 33.4 24 0.11 N 
26 11/12/2018 CT 4B 4C 4 18-116-4B 17.6 0:53:45 35.4 25 0.14 Y 
27 11/12/2018 CT 5A 5C 10 18-117-5A 17.6 0:55:41 34.0 30 0.19 Y 
27 11/12/2018 CT 4A 4B 13 18-118-4A 17.7 0:52:56 34.4 19 0.05 Y 
27 11/12/2018 CT 5B 5A 15 18-119-5B 17.8 0:49:02 33.3 26 0.13 Y 
27 11/12/2018 CT 5B 5F 18 18-120-5B 18.0 0:51:32 33.9 24 0.12 Y 
28 11/13/2018 CT 4B 4F 2 18-121-4B 18.0 0:51:57 34.0 31 0.26 Y 
28 11/13/2018 CT 4C 4B 13 18-122-4C 18.0 0:50:59 34.9 26 0.14 Y 
28 11/13/2018 CT 4E 4A 12 18-123-4E 18.2 0:49:21 34.0 34 0.32 Y 
28 11/13/2018 CT 5E 5E 1 18-124-5E 18.3 0:49:51 34.4 26 0.13 Y 
29 11/14/2018 CT 4B 4C 4 18-125-4B 17.4 0:53:00 34.0 21 0.07 Y 
29 11/14/2018 CT 4E 4E 11 18-126-4E 17.6 0:53:00 34.6 22 0.08 Y 
29 11/14/2018 CT 4F 4C 8 18-127-4F 17.6 0:52:00 34.0 34 0.35 N 
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29 11/14/2018 CT 5A 5A 11 18-128-5A 17.7 0:51:00 34.4 33 0.28 Y 
30 11/14/2018 CT 5E 5A 3 18-129-5E 17.7 0:46:40 33.3 27 0.16 Y 
30 11/14/2018 CT 5C 5C 6 18-130-5C 17.8 0:47:12 34.0 28 0.21 N 
30 11/14/2018 CT 4A 4B 13 18-131-4A 18.0 0:50:01 34.9 24 0.10 Y 
30 11/14/2018 CT 4E 4E 11 18-132-4E 18.0 0:49:30 34.2 25 0.11 Y 
31 11/14/2018 CT 4C 4E 15 18-133-4C 17.0 0:50:58 34.4 23 0.09 Y 
31 11/14/2018 CT 4F 4F 6 18-134-4F 17.2 0:50:12 34.3 24 0.10 Y 
31 11/14/2018 CT 5D 5C 14 18-135-5D 17.4 0:52:03 34.4 29 0.18 Y 
31 11/14/2018 CT 5E 5A 3 18-136-5E 17.4 0:54:16 35.0 27 0.15 Y 
32 11/14/2018 CT 4E 4A 12 18-137-4E 17.2 0:53:46 34.6 27 0.13 Y 
32 11/14/2018 CT 4B 4F 2 18-138-4B 17.4 0:58:47 35.5 20 0.07 Y 
32 11/14/2018 CT 5B 5A 15 18-139-5B 17.5 0:51:52 33.2 33 0.28 Y 
32 11/14/2018 CT 5D 5C 14 18-140-5D 17.6 0:58:13 35.6 25 0.13 Y 
33 11/16/2018 CT 5D 5F 18 18-141-5D 16.7 0:54:45 34.4 37 0.45 Y 
33 11/16/2018 CT 4E 4F 10 18-142-4E 16.9 0:56:16 34.6 34 0.33 Y 
33 11/16/2018 CT 5D 5E 13 18-143-5D 17.0 0:55:15 35.0 28 0.15 Y 
33 11/16/2018 CT 5E 5B 4 18-144-5E 17.0 0:54:00 35.0 23 0.10 Y 
34 11/16/2018 CT 5C 5A 7 18-145-5C 17.4 0:53:06 34.5 27 0.17 N 
34 11/16/2018 CT 5B 5B 16 18-146-5B 17.6 0:54:28 35.0 26 0.12 Y 
34 11/16/2018 CT 4E 4E 11 18-147-4E 17.6 0:52:30 34.6 27 0.15 Y 
34 11/16/2018 CT 4D 4C 19 18-148-4D 17.7 0:52:50 35.0 21 0.08 N 
35 11/17/2018 CT 5E 5B 4 18-149-5E 17.0 0:54:33 34.0 27 0.14 Y 
35 11/17/2018 HA 5B 5B 16 18-146-5B 17.0 0:53:56 34.4 26 0.12 Y 
35 11/17/2018 CT 4B 4E 3 18-150-4B 17.1 0:51:58 34.0 29 0.15 Y 
35 11/17/2018 CT 4F 4F 6 18-151-4F 17.2 0:52:30 34.3 25 0.12 Y 
36 11/19/2018 CT 4C 4D 18 18-152-4C 16.7 0:54:58 34.6 23 0.09 Y 
36 11/19/2018 CT 4E 4F 10 18-153-4E 17.0 0:49:57 33.7 35 0.29 Y 
36 11/19/2018 CT 5B 5B 16 18-154-5B 17.0 0:49:34 33.5 22 0.08 Y 
36 11/19/2018 CT 5C 5D 8 18-155-5C 17.0 0:51:56 34.0 25 0.12 Y 
36 11/19/2018 CT 5B 5B 16 18-156-5B 17.0 0:50:49 33.9 25 0.10 Y 
37 11/19/2018 CT 4E 4F 10 18-157-4E 16.7 0:56:30 34.0 38 0.38 Y 
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37 11/19/2018 CT 4C 4D 18 18-158-4C 17.0 0:54:46 34.0 32 0.23 Y 
37 11/19/2018 CT 5F 5F 17 18-159-5F 17.0 0:53:27 34.0 27 0.15 Y 
37 11/19/2018 CT 5E 5B 4 18-160-5E 17.0 0:55:28 34.2 22 0.09 Y 
38 11/19/2018 CT 4B 4B 1 18-161-4B 17.2 0:56:58 34.4 28 0.20 Y 
38 11/19/2018 CT 4A 4D 18 18-162-4A 17.4 0:52:06 34.0 25 0.13 Y 
38 11/19/2018 CT 5A 5E 9 18-163-5A 17.5 0:53:11 34.4 22 0.09 Y 
38 11/19/2018 CT 5D 5A 15 18-164-5D 17.6 0:51:14 33.8 34 0.32 Y 
39 11/19/2018 CT 4F 4E 10 18-165-4F 17.0 0:56:00 34.0 28 0.17 Y 
39 11/19/2018 CT 4B 4F 2 18-166-4B 17.4 0:55:00 34.4 24 0.10 Y 
39 11/19/2018 CT 5F 5D 19 18-167-5F 17.5 0:51:00 34.5 22 0.09 Y 
39 11/19/2018 CT 5C 5C 6 18-168-5C 17.4 0:55:00 34.7 30 0.18 Y 
40 11/20/2018 CT 4B 4C 4 18-169-4B 16.5 1:01:14 35.0 30 0.21 Y 
40 11/20/2018 CT 5C 5A 7 18-170-5C 16.6 0:58:00 34.7 30 0.20 Y 
40 11/20/2018 HA 5B 5B 16 18-154-5B 16.7 0:58:25 34.9 22 0.08 Y 
40 11/20/2018 HA 5B 5B 16 18-156-5B 16.8 0:58:50 35.0 25 0.10 Y 
41 11/20/2018 CT 5C 5C 6 18-171-5C 17.0 0:54:00 34.0 28 0.15 Y 
41 11/20/2018 CT 4B 4B 1 18-172-4B 17.0 0:55:00 34.7 35 0.30 Y 
41 11/20/2018 CT 4D 4C 19 18-173-4D 17.0 0:56:00 34.4 32 0.26 Y 
41 11/20/2018 CT 5C 5E 5 18-174-5C 17.0 0:57:00 34.6 28 0.15 Y 
42 11/20/2018 CT 5E 5E 1 18-175-5E 16.8 1:01:00 33.8 24 0.11 Y 
42 11/20/2018 CT 4C 4C 16 18-176-4C 17.0 1:02:00 34.7 35 0.34 Y 
42 11/20/2018 CT 5A 5B 12 18-177-5A 17.0 0:57:00 33.6 36 0.39 Y 
42 11/20/2018 CT 4F 4C 8 18-178-4F 17.2 1:03:00 34.7 29 0.21 Y 
43 11/21/2018 CT 5F 5B 19 18-179-5F 16.3 0:54:15 33.7 27 0.16 Y 
43 11/21/2018 HA 4C 4C 16 18-176-4C 16.5 0:54:55 34.4 35 0.34 Y 
43 11/21/2018 CT 5D 5F 18 18-180-5D 16.6 0:54:30 34.9 33 0.28 Y 
43 11/21/2018 CT 5C 5D 8 18-181-5C 16.7 0:56:10 35.0 27 0.15 Y 
44 11/21/2018 CT 5B 5E 13 18-182-5B 16.4 0:55:00 34.5 35 0.33 Y 
44 11/21/2018 CT 5B 5C 14 18-183-5B 16.6 0:52:00 34.4 34 0.34 Y 
44 11/21/2018 CT 5C 5D 8 18-184-5C 16.7 0:52:00 34.0 31 0.25 Y 
44 11/21/2018 CT 4C 4F 14 18-185-4C 16.8 0:51:00 34.2 35 0.34 Y 
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45 11/21/2018 CT 4A 4E 15 18-186-4A 17.6 1:00:00 33.2 24 0.10 Y 
45 11/21/2018 CT 4C 4D 18 18-187-4C 17.7 0:49:00 33.4 26 0.17 N 
45 11/21/2018 CT 5C 5E 5 18-188-5C 17.8 0:56:00 35.1 28 0.15 Y 
45 11/21/2018 CT 5C 5A 7 18-189-5C 17.9 0:53:00 34.4 30 0.22 Y 
46 11/24/2018 CT 5A 5E 10 18-190-5A 16.8 0:56:40 34.1 32 0.24 Y 
46 11/24/2018 CT 5D 5E 13 18-191-5D 16.9 0:52:42 34.0 26 0.15 Y 
46 11/24/2018 CT 4D 4C 19 18-192-4D 16.9 0:57:06 35.0 32 0.25 Y 
46 11/24/2018 CT 4B 4F 2 18-193-4B 17.0 0:54:30 34.6 23 0.10 Y 
47 11/26/2018 CT 5E 5E 1 18-194-5E 16.5 0:55:00 33.7 24 0.31 Y 
47 11/26/2018 CT 5C 5A 7 18-195-5C 16.7 0:56:00 34.5 30 0.21 Y 
47 11/26/2018 CT 4E 4B 9 18-196-4E 16.7 0:54:00 34.4 32 0.22 Y 
47 11/26/2018 CT 4C 4E 15 18-197-4C 16.9 0:54:00 34.0 29 0.17 Y 
48 11/26/2018 CT 4E 4B 9 18-198-4E 16.7 0:54:46 33.6 25 0.14 Y 
48 11/26/2018 CT 4A 4A 16 18-199-4A 16.9 0:55:00 34.6 20 0.06 Y 
48 11/26/2018 CT 5C 5C 6 18-200-5C 17.0 0:53:16 34.1 25 0.19 Y 
48 11/26/2018 CT 5A 5E 9 18-201-5A 17.0 0:54:19 34.0 30 0.26 N 
49 11/26/2018 CT 4C 4C 16 18-202-4C 16.4 0:56:00 34.0 28 0.17 Y 
49 11/26/2018 CT 5D 5D 16 18-203-5D 16.6 0:55:00 34.2 27 0.14 Y 
49 11/26/2018 CT 4E 4B 9 18-204-4E 16.7 0:57:00 34.6 38 0.36 Y 
49 11/26/2018 CT 5F 5D 19 18-205-5F 16.8 0:55:00 33.8 32 0.24 Y 
50 11/26/2018 CT 4E 4F 10 18-206-4E 16.6 1:00:00 34.4 26 0.14 Y 
50 11/26/2018 CT 4F 4E 7 18-207-4F 16.8 0:57:00 34.4 32 0.22 Y 
50 11/26/2018 CT 5F 5D 19 18-208-5F 16.9 0:54:00 34.0 24 0.13 Y 
50 11/26/2018 CT 5A 5C 10 18-209-5A 17.0 0:59:00 34.9 29 0.24 Y 
51 11/27/2018 CT 4B 4B 1 18-210-4B 16.9 0:55:00 34.0 27 0.14 Y 
51 11/27/2018 CT 4F 4F 6 18-211-4F 17.0 0:53:00 34.6 38 0.44 Y 
51 11/27/2018 CT 5B 5A 12 18-212-5B 17.0 0:52:00 34.4 27 0.14 Y 
51 11/27/2018 CT 5C 5E 5 18-213-5C 17.2 0:56:00 35.0 36 0.32 Y 
52 11/27/2018 CT 5F 5F 17 18-214-5F 16.1 0:56:00 33.7 25 0.10 Y 
52 11/27/2018 CT 4B 4E 3 18-215-4B 16.4 0:54:00 33.8 31 0.28 N 
52 11/27/2018 CT 5E 5A 3 18-216-5E 16.4 0:55:00 34.0 33 0.30 Y 
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52 11/27/2018 CT 4D 4D 17 18-217-4D 16.6 0:58:00 34.5 35 0.35 Y 
53 11/27/2018 CT 4E 4E 11 18-218-4E 16.3 0:58:53 34.0 34 0.29 Y 
53 11/27/2018 CT 5F 5F 17 18-219-5F 16.4 0:53:37 32.7 24 0.09 Y 
53 11/27/2018 CT 4F 4B 5 18-220-4F 16.5 0:55:12 33.9 33 0.26 Y 
53 11/27/2018 CT 5A 5B 12 18-221-5A 16.6 0:56:57 34.0 34 0.31 Y 
54 11/28/2018 CT 4F 4E 7 18-222-4F 16.4 0:57:46 34.1 26 0.13 Y 
54 11/28/2018 CT 4F 4F 6 18-223-4F 16.7 0:57:28 34.8 27 0.19 N 
54 11/28/2018 CT 5C 5A 7 18-224-5C 16.6 0:57:10 34.6 33 0.28 Y 
54 11/28/2018 CT 5D 5D 16 18-225-5D 16.6 0:56:29 34.4 30 0.19 Y 
55 11/28/2018 CT 4F 4F 6 18-226-4F 16.3 1:00:00 34.0 29 0.19 Y 
55 11/28/2018 CT 4D 4D 17 18-227-4D 16.4 0:53:56 33.5 25 0.12 Y 
55 11/28/2018 CT 5A 5B 12 18-228-5A 16.5 0:54:34 33.7 30 0.22 Y 
55 11/28/2018 CT 5A 5C 10 18-229-5A 16.6 0:59:21 34.7 33 0.30 Y 
56 11/28/2018 CT 4B 4B 1 18-230-4B 16.7 1:00:00 34.3 40 0.61 Y 
56 11/28/2018 CT 4D 4D 17 18-231-4D 16.9 0:53:56 34.6 32 0.24 Y 
56 11/28/2018 CT 5F 5F 17 18-232-5F 17.0 0:54:34 34.4 26 0.14 Y 
56 11/28/2018 CT 5E 5E 1 18-233-5E 17.0 0:59:21 35.0 28 0.14 Y 
57 11/28/2018 CT 4B 4E 3 18-234-4B 16.5 0:58:00 34.2 32 0.23 Y 
57 11/28/2018 CT 4B 4E 3 18-235-4B 16.7 0:57:00 34.6 31 0.28 N 
57 11/28/2018 CT 5B 5C 14 18-236-5B 16.7 0:58:00 34.8 40 0.53 Y 
57 11/28/2018 CT 5A 5B 12 18-237-5A 16.8 0:57:00 34.5 26 0.17 N 
58 11/29/2018 CT 5E 5A 3 18-238-5E 16.0 0:58:00 34.0 25 0.13 Y 
58 11/29/2018 CT 5A 5E 9 18-239-5A 16.1 0:56:00 34.2 29 0.20 Y 
58 11/29/2018 CT 5E 5A 3 18-240-5E 16.2 0:57:00 34.4 35 0.40 Y 
58 11/29/2018 CT 5F 5D 19 18-241-5F 16.4 0:58:00 34.3 28 0.19 Y 
59 11/29/2018 CT 5C 5C 6 18-242-5C 17.0 0:56:00 34.0 23 0.10 Y 
59 11/29/2018 CT 5A 5A 11 18-243-5A 16.9 0:55:00 34.0 35 0.38 Y 
59 11/29/2018 CT 4B 4F 2 18-244-4B 17.0 1:00:00 35.1 26 0.16 N 
59 11/29/2018 CT 4F 4B 5 18-245-4F 17.0 0:56:00 34.6 36 0.41 Y 
60 11/29/2018 CT 4B 4C 4 18-246-4B 16.2 0:57:00 34.3 27 0.15 Y 
60 11/29/2018 CT 5E 5B 4 18-247-5E 16.4 0:57:00 34.6 28 0.14 Y 
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60 11/29/2018 CT 4F 4C 8 18-248-4F 16.5 0:56:00 34.7 28 0.19 Y 
60 11/29/2018 CT 5A 5B 12 18-249-5A 16.6 0:55:00 34.4 27 0.13 Y 
60 11/29/2018 CT 5A 5B 12 18-250-5A 16.6 0:56:00 34.6 28 0.18 Y 
61 11/30/2018 CT 4F 4C 8 18-251-4F 16.0 0:58:40 34.0 29 0.22 Y 
61 11/30/2018 CT 4B 4F 2 18-252-4B 16.0 0:57:05 34.1 27 0.18 Y 
61 11/30/2018 CT 4B 4E 3 18-253-4B 16.1 0:57:24 34.1 29 0.16 Y 
61 11/30/2018 CT 4D 4C 19 18-254-4D 16.3 0:53:58 33.0 41 0.75 N 
62 11/30/2018 CT 5E 5C 2 18-255-5E 15.8 1:00:23 34.4 25 0.12 Y 
62 11/30/2018 CT 4B 4E 3 18-256-4B 16.0 0:57:08 34.4 29 0.19 Y 
62 11/30/2018 CT 4F 4B 5 18-257-4F 16.0 0:58:25 34.5 29 0.18 Y 
62 11/30/2018 CT 4E 4B 9 18-258-4E 16.1 0:57:02 34.5 30 0.21 Y 
63 11/30/2018 CT 4F 4E 7 18-259-4F 16.3 0:58:03 34.0 30 0.24 Y 
63 11/30/2018 CT 5E 5C 2 18-260-5E 16.4 0:57:22 34.7 33 0.26 Y 
63 11/30/2018 CT 4D 4C 19 18-261-4D 16.6 0:54:19 33.7 32 0.25 Y 
63 11/30/2018 CT 5A 5E 9 18-262-5A 16.6 0:56:56 34.4 30 0.21 Y 
64 11/30/2018 CT 4B 4B 1 18-263-4B 16.4 0:55:00 33.7 28 0.16 Y 
64 11/30/2018 CT 4D 4C 19 18-264-4D 16.6 0:51:00 32.8 27 0.15 Y 
64 11/30/2018 CT 5E 5B 4 18-265-5E 16.6 0:52:00 33.4 28 0.15 Y 
64 11/30/2018 CT 5A 5A 11 18-266-5A 16.7 0:56:00 34.3 25 0.11 Y 
65 10/31/2018 HA 4C 4C 16 18-015-4C 17.5 0:52:00 35.0 28 0.17 Y 
 14 
Fathead Minnows Hatch Date 7/8/2018 15 
Entry Date to the lab 8/16/2018 16 
Acclimatization Date 10/8/2018 17 
Some preliminary hardening tests were conducted during Atrazine trials on Control fish  18 
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APPENDIX E 19 
Hardening Experiment Fathead Minnow Data 20 
CtID (CTmax #), ExpDate (Experiement Date), FishTank (Acclimatization Tank), Hour (Treatment; Time between 21 
1st CTmax and 2nd CTmax), FishUID (Fish Unique ID), TempTA (20 min. Acclimation Water Temperature), ctStart 22 
(Start Time for CTmax), ctStop (Stop time for CTmax), ctMin (Time for CTmax in hours: minutes: seconds), 23 
ctTemp (CTmax of fish in °C), Length (Length of fish in mm), Weight (Weight of fish in g), Survive24 (Did 24 
the fish survive 24 hrs past CTmax; Y ~Yes, N ~No). 25 
ctID ExpDate FishTank Hour FishUID TempTA ctStart ctStop ctMin ctTemp Length Weight Survive24 
1 4/29/2019 4A 0 19-500-4A 15.5 13:18 14:15 0:57 33.4   Y 
1 4/29/2019 5D 0 19-501-5D 15.6 13:18 14:14 0:56 33.0   Y 
1 4/29/2019 5B 0 19-502-5B 15.6 13:18 14:17 0:59 34.8   Y 
1 4/29/2019 5B 0 19-503-5B 15.6 13:18 14:15 0:57 34.1   Y 
2 4/30/2019 4A 0 19-504-4A 15.1 10:52 11:51 0:59 34.0   Y 
2 4/30/2019 5D 0 19-505-5D 15.3 10:52 11:50 0:58 34.3   Y 
2 4/30/2019 4C 0 19-506-4C 15.3 10:52 11:46 0:54 33.6   Y 
2 4/30/2019 5B 0 19-507-5B 15.4 10:52 11:51 0:59 34.4   Y 
3 4/30/2019 1B4 24 19-502-5B 15.5 12:34 13:37 1:03 35.6 34 0.3 Y 
3 4/30/2019 1B3 24 19-503-5B 15.7 12:34 13:35 1:01 34.6 45 0.9 Y 
3 4/30/2019 4C 0 19-508-4C 15.7 12:34 13:31 0:57 34.5   Y 
3 4/30/2019 4A 0 19-509-4A 15.7 12:34 13:31 0:57 34.1   Y 
4 4/30/2019 4C 0 19-510-4C 16.0 15:15 16:09 0:54 33.0   Y 
4 4/30/2019 4A 0 19-511-4A 16.1 15:15 16:04 0:49 32.8   Y 
4 4/30/2019 1B2 24 19-501-5D 16.2 15:15 16:10 0:55 34.4 41 0.7 Y 
4 4/30/2019 1B1 24 19-500-4A 16.3 15:15 16:12 0:57 34.6 34 0.3 Y 
5 4/30/2019 5D 0 19-512-5D 15.8 16:50 17:49 0:59 34.2   Y 
5 4/30/2019 5B 0 19-513-5B 16.0 16:50 17:50 1:00 35.1   Y 
5 4/30/2019 5D 0 19-514-5D 16.0 16:50 17:48 0:58 34.6   Y 
5 4/30/2019 4C 0 19-515-4C 16.0 16:50 17:48 0:58 34.7   Y 
6 5/1/2019 4A 0 19-516-4A 15.7 11:09 12:09 1:00 34.7   Y 
6 5/1/2019 2B1 24 19-504-4A 16.0 11:09 12:09 1:00 35.3 32 0.3 Y 
6 5/1/2019 2B2 24 19-505-5D 16.0 11:09 12:06 0:57 34.7 44 0.7 Y 
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6 5/1/2019 5D 0 19-517-5D 16.0 11:09 12:07 0:58 34.4   Y 
7 5/1/2019 2B3 24 19-506-4C 15.4 15:30 16:23 0:53 32.6 37 0.2 N 
7 5/1/2019 2B4 24 19-507-5B 15.6 15:30 16:29 0:59 34.6 43 0.7 Y 
7 5/1/2019 5B 0 19-518-5B 15.6 15:30 16:29 0:59 34.5   Y 
7 5/1/2019 5D 0 19-519-5D 15.8 15:30 16:28 0:58 33.7   Y 
8 5/2/2019 1B3 48 19-514-5D 15.3 11:36 12:38 1:02 34.1 33 0.3 Y 
8 5/2/2019 1B4 48 19-515-4C 15.3 11:36 12:36 1:00 34.7 39 0.6 Y 
8 5/2/2019 2B4 24 19-517-5D 15.2 11:36 12:34 0:58 34.4 35 0.3 Y 
8 5/2/2019 2B1 24 19-516-4A 15.2 11:36 12:36 1:00 35.0 31 0.2 Y 
9 5/2/2019 1B2 48 19-513-5B 15.2 13:22 14:26 1:04 35.4 35 0.4 Y 
9 5/2/2019 4B4 24 19-519-5D 15.2 13:22 14:18 0:56 33.7 42 0.6 Y 
9 5/2/2019 1B1 48 19-512-5D 15.3 13:22 14:20 0:58 34.1 45 1.2 Y 
9 5/2/2019 4B3 24 19-518-5B 15.3 13:22 14:18 0:56 33.7 52 1.5 Y 
10 5/2/2019 4C 0 19-520-4C 15.4 17:59 18:51 0:52 32.1   Y 
10 5/2/2019 5D 0 19-521-5D 15.5 17:59 18:55 0:56 33.9   Y 
10 5/2/2019 4A 0 19-522-4A 15.5 17:59 18:59 1:00 34.8   Y 
10 5/2/2019 5B 0 19-523-5B 15.5 17:59 18:54 0:55 33.3   Y 
11 5/3/2019 5B 0 19-524-5B 15.1 8:46 9:46 1:00 33.8   Y 
11 5/3/2019 4A 0 19-525-4A 15.4 8:46 9:46 1:00 34.4   Y 
11 5/3/2019 4C 0 19-526-4C 14.9 8:46 9:45 0:59 34.3   Y 
11 5/3/2019 5D 0 19-527-5D 15.0 8:46 9:46 1:00 34.0   Y 
12 5/3/2019 3B1 24 19-522-4A 15.7 14:38 15:20 0:42 35.0 27 0.1 Y 
12 5/3/2019 2B2 24 19-520-4C 15.9 14:38 15:16 0:38 34.0 35 0.4 Y 
12 5/3/2019 3B2 24 19-523-5B 16.0 14:38 15:19 0:41 34.6 29 0.1 Y 
12 5/3/2019 2B3 24 19-521-5D 15.8 14:38 15:18 0:40 35.0 43 0.5 Y 
13 5/3/2019 3B3 72 19-508-4C 16.1 16:15 17:14 0:59 34.7 28 0.1 Y 
13 5/3/2019 4B1 72 19-510-4C 16.3 16:15 17:11 0:56 34.5 40 0.4 Y 
13 5/3/2019 3B4 72 19-509-4A 16.4 16:15 17:12 0:57 34.6 33 0.2 Y 
13 5/3/2019 4B2 72 19-511-4A 16.4 16:15 17:10 0:55 34.0 38 0.5 Y 
14 5/6/2019 1B4 72 19-527-5D 15.0 10:15 11:16 1:01 34.3 34 0.2 Y 
14 5/6/2019 4E 0 19-528-4E 15.1 10:15 11:19 1:04 35.0   Y 
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14 5/6/2019 1B1 72 19-524-5B 15.1 10:15 11:15 1:00 34.0 42 0.7 Y 
14 5/6/2019 4A 0 19-529-4A 15.0 10:15 11:17 1:02 34.9   Y 
15 5/6/2019 1B2 72 19-525-4A 15.3 12:00 12:56 0:56 33.4 30 0.2 Y 
15 5/6/2019 1B3 72 19-526-4C 15.5 12:00 12:54 0:54 33.0 41 0.7 Y 
15 5/6/2019 5F 0 19-530-5F 15.5 12:00 12:57 0:57 33.6   Y 
15 5/6/2019 4C 0 19-531-4C 15.4 12:00 12:55 0:55 33.4   Y 
16 5/6/2019 4A 0 19-532-4A 15.7 13:44 14:46 1:02 34.7   Y 
16 5/6/2019 4A 0 19-533-4A 16.0 13:44 14:38 0:54 32.7   Y 
16 5/6/2019 4C 0 19-534-4C 16.0 13:44 14:42 0:58 34.4   Y 
16 5/6/2019 5B 0 19-535-5B 16.0 13:44 14:40 0:56 34.0   Y 
17 5/6/2019 5D 0 19-536-5D 17.0 15:24 16:16 0:52 33.6   Y 
17 5/6/2019 4E 0 19-537-4E 17.1 15:24 16:15 0:51 33.8   Y 
17 5/6/2019 4C 0 19-538-4C 17.2 15:24 16:12 0:48 33.0   Y 
17 5/6/2019 5D 0 19-539-5D 17.2 15:24 16:12 0:48 33.4   Y 
18 5/7/2019 4E 0 19-540-4E 14.8 9:59 11:03 1:04 34.7   Y 
18 5/7/2019 4A 0 19-541-4A 15.0 9:59 11:02 1:03 34.8   Y 
18 5/7/2019 1B2 24 19-528-4E 15.0 9:59 11:05 1:06 35.0 38 0.5 Y 
18 5/7/2019 2B3 24 19-530-5F 15.0 9:59 11:01 1:02 34.4 35 0.4 Y 
19 5/7/2019 2B4 24 19-531-4C 15.1 11:44 12:44 1:00 34.3 33 0.3 Y 
19 5/7/2019 5F 0 19-542-5F 15.4 11:44 12:44 1:00 34.4   Y 
19 5/7/2019 1B4 24 19-529-4A 15.4 11:44 12:46 1:02 35.0 43 0.8 Y 
19 5/7/2019 5D 0 19-543-5D 15.5 11:44 12:45 1:01 34.4   Y 
20 5/8/2019 3B3 48 19-534-4C 15.0 9:42 10:45 1:03 35.0 35 0.3 Y 
20 5/8/2019 5B 0 19-544-5B 15.0 9:42 10:42 1:00 34.3   Y 
20 5/8/2019 5F 0 19-545-5F 15.0 9:42 10:41 0:59 34.1   Y 
20 5/8/2019 3B4 48 19-535-5B 15.0 9:42 10:43 1:01 34.9 33 0.3 Y 
21 5/8/2019 4B3 48 19-538-4C 15.0 17:26 18:23 0:57 34.6 41 0.4 Y 
21 5/8/2019 4B2 48 19-537-4E 15.2 17:26 18:24 0:58 35.5 34 0.3 Y 
21 5/8/2019 4E 0 19-546-4E 15.3 17:26 18:20 0:54 34.4   Y 
21 5/8/2019 5D 0 19-547-5D 15.2 17:26 18:22 0:56 34.7   Y 
22 5/9/2019 4A 0 19-548-4A 15.6 11:04 12:06 1:02 35.0   Y 
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22 5/9/2019 4B1 72 19-536-5D 15.9 11:04 12:04 1:00 34.6 35 0.3 Y 
22 5/9/2019 5F 0 19-549-5F 15.9 11:04 11:59 0:55 34.0   Y 
22 5/9/2019 5F 0 19-550-5F 15.8 11:04 12:00 0:56 34.0   Y 
23 5/9/2019 4B4 72 19-539-5D 15.2 12:46 13:48 1:02 35.3 31 0.1 Y 
23 5/9/2019 4E 0 19-551-4E 15.4 12:46 13:43 0:57 34.5   Y 
23 5/9/2019 3B1 72 19-532-4A 15.5 12:46 13:51 1:05 35.6 33 0.3 Y 
23 5/9/2019 3B2 72 19-533-4A 15.4 12:46 13:43 0:57 34.0 32 0.2 Y 
24 5/10/2019 1B3 72 19-541-4A 19.1 9:53 10:47 0:54 35.0 31 0.2 Y 
24 5/10/2019 5B 0 19-552-5B 19.6 9:53 10:32 0:39 32.0 35 0.3 Y 
24 5/10/2019 1B2 48 19-544-5B 19.6 9:53 10:43 0:50 34.6 30 0.2 Y 
24 5/10/2019 1B4 48 19-545-5F 19.4 9:53 10:44 0:51 35.0 29 0.1 Y 
25 5/10/2019 2B1 72 19-542-5F 15.4 11:35 12:35 1:00 34.2 36 0.4 Y 
25 5/10/2019 2B3 48 19-546-4E 15.7 11:35 12:38 1:03 35.0 32 0.3 Y 
25 5/10/2019 2B4 48 19-547-5D 15.6 11:35 12:35 1:00 35.0 36 0.4 Y 
25 5/10/2019 4C 0 19-553-4C 15.6 11:35 12:34 0:59 34.4   Y 
26 5/10/2019 5B 0 19-554-5B 16.0 13:23 14:25 1:02 35.2   Y 
26 5/10/2019 2B2 72 19-543-5D 16.0 13:23 14:22 0:59 34.7 37 0.3 Y 
26 5/10/2019 5F 0 19-555-5F 16.0 13:23 13:39 0:16 21.0 33 0.1 Y 
26 5/10/2019 1B1 72 19-540-4E 16.1 13:23 14:22 0:59 34.7 34 0.2 Y 
27 5/11/2019 4B3 48 19-551-4E 15.0 11:10 12:10 1:00 34.5 42 0.6 Y 
27 5/11/2019 4B2 48 19-550-5F 15.2 11:10 12:09 0:59 35.0 40 0.6 Y 
27 5/11/2019 3B4 48 19-549-5F 15.4 11:10 12:10 1:00 34.5 32 0.1 Y 
27 5/11/2019 3B3 48 19-548-4A 15.2 11:10 12:13 1:03 35.6 39 0.1 Y 
28 5/13/2019 3B2 72 19-553-4C 15.4 10:17 11:22 1:05 35.1 30 0.2 Y 
28 5/13/2019 5B 0 19-556-5B 15.5 10:17 11:18 1:01 34.7   Y 
28 5/13/2019 4B1 72 19-554-5B 15.4 10:17 11:23 1:06 35.9 41 0.7 Y 
28 5/13/2019 4E 0 19-557-4E 15.4 10:17 11:17 1:00 34.7   Y 
29 5/13/2019 5F 0 19-558-5F 15.0 12:01 13:03 1:02 35.0 29 0.1 N 
29 5/13/2019 4C 0 19-559-4C 15.4 12:01 13:02 1:01 34.3   Y 
29 5/13/2019 4C 0 19-560-4C 15.2 12:01 13:02 1:01 34.7   Y 
29 5/13/2019 4A 0 19-561-4A 15.2 12:01 13:03 1:02 34.7   Y 
120 
 
 
 
30 5/13/2019 5D 0 19-562-5D 15.6 14:24 15:14 0:50 32.0   Y 
30 5/13/2019 4E 0 19-563-4E 15.7 14:24 15:23 0:59 34.7   Y 
30 5/13/2019 4A 0 19-564-4A 15.7 14:24 15:20 0:56 34.0   Y 
30 5/13/2019 4E 0 19-565-4E 15.7 14:24 15:21 0:57 34.4   Y 
31 5/14/2019 5F 0 19-566-5F 14.8 10:29 11:31 1:02 34.3   Y 
31 5/14/2019 4E 0 19-567-4E 15.0 10:29 11:30 1:01 34.5   Y 
31 5/14/2019 5D 0 19-568-5D 15.0 10:29 11:28 0:59 34.1   Y 
31 5/14/2019 4C 0 19-569-4C 15.0 10:29 11:32 1:03 35.0   Y 
32 5/14/2019 1B1 24 19-556-5B 15.1 12:09 13:11 1:02 35.0 38 0.5 Y 
32 5/14/2019 1B2 24 19-557-4E 15.3 12:09 13:09 1:00 34.7 32 0.3 Y 
32 5/14/2019 4A 0 19-570-4A 15.2 12:09 13:05 0:56 34.0   Y 
32 5/14/2019 4C 0 19-571-4C 15.3 12:09 13:09 1:00 35.1   Y 
33 5/15/2019 1B3 48 19-562-5D 14.4 14:46 15:42 0:56 32.1 48 1.1 Y 
33 5/15/2019 2B3 48 19-563-4E 14.6 14:46 15:52 1:06 35.4 34 0.2 Y 
33 5/15/2019 2B4 48 19-564-4A 14.6 14:46 15:50 1:04 34.7 33 0.3 Y 
33 5/15/2019 3B1 48 19-565-4E 14.7 14:46 15:52 1:06 34.9 34 0.2 Y 
34 5/16/2019 1B4 72 19-559-4C 14.6 9:51 10:55 1:04 35.0 39 0.4 Y 
34 5/16/2019 5D 0 19-572-5D 14.8 9:51 10:51 1:00 34.0   Y 
34 5/16/2019 2B1 72 19-560-4C 15.0 9:51 10:53 1:02 34.3 30 0.2 Y 
34 5/16/2019 4A 0 19-573-4A 14.9 9:51 10:56 1:05 34.9   Y 
35 5/16/2019 2B2 72 19-561-4A 14.6 11:38 12:43 1:05 34.7 28 0.1 Y 
35 5/16/2019 3B2 48 19-570-4A 14.7 11:38 12:43 1:05 35.0 26 0.1 Y 
35 5/16/2019 5D 0 19-574-5D 14.7 11:38 12:40 1:02 34.4   Y 
35 5/16/2019 4B1 48 19-571-4C 14.7 11:38 12:43 1:05 35.7 41 0.7 Y 
36 5/17/2019 4E 0 19-575-4E 14.2 8:33 9:39 1:06 34.8   Y 
36 5/17/2019 5F 0 19-576-5F 14.4 8:33 9:37 1:04 34.6   Y 
36 5/17/2019 1B1 24 19-572-5D 14.5 8:33 9:36 1:03 34.0 40 0.7 Y 
36 5/17/2019 1B2 24 19-573-4A 14.4 8:33 9:38 1:05 34.8 28 0.1 Y 
37 5/17/2019 3B3 72 19-566-5F 14.8 14:21 15:23 1:02 34.1 30 0.1 Y 
37 5/17/2019 3B4 72 19-567-4E 15.0 14:21 15:21 1:00 34.4 31 0.2 Y 
37 5/17/2019 4B2 72 19-568-5D 15.0 14:21 15:17 0:56 33.2 32 0.2 Y 
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37 5/17/2019 4B3 72 19-569-4C 15.0 14:21 15:23 1:02 34.5 34 0.3 Y 
38 5/18/2019 1B3 48 19-574-5D 15.0 14:13 15:15 1:02 34.4 31 0.2 Y 
38 5/18/2019 5F 0 19-577-5F 15.3 14:13 15:12 0:59 34.0   Y 
38 5/18/2019 4E 0 19-578-4E 15.3 14:13 15:15 1:02 34.6   Y 
38 5/18/2019 5D 0 19-579-5D 15.2 14:13 15:16 1:03 35.0   Y 
39 5/20/2019 3B1 72 19-575-4E 15.0 8:44 9:50 1:06 35.2 39 0.5 Y 
39 5/20/2019 3B2 72 19-576-5F 15.1 8:44 9:49 1:05 35.0 30 0.2 N 
39 5/20/2019 5D 0 19-580-5D 15.2 8:44 9:46 1:02 34.7   Y 
39 5/20/2019 5F 0 19-581-5F 15.2 8:44 9:38 0:54 32.8   Y 
40 5/20/2019 4C 0 19-582-4C 15.3 14:10 15:11 1:01 34.6   Y 
40 5/20/2019 1B1 48 19-577-5F 15.5 14:10 15:07 0:57 34.0 37 0.3 Y 
40 5/20/2019 1B2 48 19-578-4E 15.6 14:10 15:11 1:01 35.0 35 0.4 Y 
40 5/20/2019 1B4 48 19-579-5D 15.5 14:10 15:10 1:00 35.0 36 0.6 Y 
41 5/20/2019 4A 0 19-583-4A 15.3 15:49 16:44 0:55 33.2   Y 
41 5/20/2019 5D 0 19-584-5D 15.6 15:49 16:43 0:54 33.1   Y 
41 5/20/2019 4E 0 19-585-4E 15.6 15:49 16:48 0:59 34.1   Y 
41 5/20/2019 4E 0 19-586-4E 15.5 15:49 16:46 0:57 34.0   Y 
42 5/20/2019 5F 0 19-587-5F 16.0 17:24 18:15 0:51 32.5   Y 
42 5/20/2019 4C 0 19-588-4C 16.2 17:24 18:15 0:51 33.1   Y 
42 5/20/2019 4C 0 19-589-4C 16.3 17:24 18:18 0:54 33.8   Y 
42 5/20/2019 4E 0 19-590-4E 16.3 17:24 18:19 0:55 34.0   Y 
43 5/21/2019 4C 0 19-591-4C 15.1 9:59 10:59 1:00 34.1   Y 
43 5/21/2019 3B3 24 19-580-5D 15.4 9:59 10:58 0:59 34.3 42 0.6 Y 
43 5/21/2019 3B4 24 19-581-5F 15.4 9:59 10:54 0:55 33.4 30 0.2 Y 
43 5/21/2019 1B3 24 19-582-4C 15.4 9:59 11:01 1:02 35.0 30 0.2 Y 
44 5/21/2019 4E 0 19-592-4E 15.4 11:42 12:43 1:01 34.4   Y 
44 5/21/2019 4A 0 19-593-4A 15.6 11:42 12:44 1:02 35.3   Y 
44 5/21/2019 5F 0 19-594-5F 15.7 11:42 12:43 1:01 34.8   Y 
44 5/21/2019 5F 0 19-595-5F 15.6 11:42 12:41 0:59 34.6   Y 
45 5/22/2019 2B1 48 19-583-4A 15.0 10:43 11:45 1:02 35.0 42 0.7 Y 
45 5/22/2019 2B2 48 19-584-5D 15.4 10:43 11:47 1:04 35.6 35 0.3 Y 
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45 5/22/2019 4E 0 19-615-4E 15.3 10:43 11:42 0:59 34.2   Y 
45 5/22/2019 4A 0 19-596-4A 15.3 10:43 11:43 1:00 34.7   Y 
46 5/22/2019 2B3 48 19-585-4E 15.6 12:23 13:26 1:03 35.3 30 0.2 Y 
46 5/22/2019 2B4 48 19-586-4E 15.8 12:23 13:24 1:01 35.0 37 0.4 Y 
46 5/22/2019 4B1 48 19-587-5F 15.8 12:23 13:24 1:01 35.0 35 0.3 Y 
46 5/22/2019 4A 0 19-597-4A 15.7 12:23 13:21 0:58 34.2   Y 
47 5/22/2019 1B4 24 19-591-4C 16.2 14:11 15:10 0:59 34.9 33 0.2 Y 
47 5/22/2019 1B1 24 19-592-4E 16.4 14:11 15:09 0:58 35.0 40 0.5 Y 
47 5/22/2019 1B2 24 19-593-4A 16.4 14:11 15:11 1:00 35.6 27 0.1 Y 
48 5/23/2019 5F 0 19-598-5F 15.0 10:00 10:58 0:58 33.8   Y 
48 5/23/2019 4A 0 19-599-4A 15.3 10:00 11:00 1:00 34.5   Y 
48 5/23/2019 1B3 24 19-597-4A 15.3 10:00 11:01 1:01 34.4 23 0.1 Y 
48 5/23/2019 4B2 72 19-588-4C 15.2 10:00 11:02 1:02 34.7 32 0.2 Y 
49 5/23/2019 4B3 72 19-589-4C 15.6 11:41 12:44 1:03 35.4 30 0.2 Y 
49 5/23/2019 4B4 72 19-590-4E 15.7 11:41 12:42 1:01 35.0 41 0.7 Y 
49 5/23/2019 3B3 24 19-615-4E 15.8 11:41 12:41 1:00 34.7 36 0.4 Y 
49 5/23/2019 3B4 24 19-596-4A 15.7 11:41 12:42 1:01 35.4 38 0.4 Y 
50 5/23/2019 4E 0 19-600-4E 16.4 13:22 14:19 0:57 34.3   Y 
50 5/23/2019 4C 0 19-601-4C 16.6 13:22 14:17 0:55 34.0   Y 
50 5/23/2019 5F 0 19-602-5F 16.6 13:22 14:18 0:56 34.7 34 0.3 N 
50 5/23/2019 4A 0 19-603-4A 16.6 13:22 14:18 0:56 35.0 30 0.2 N 
51 5/24/2019 4A 0 19-604-4A 15.1 10:51 11:52 1:01 35.0   Y 
51 5/24/2019 5F 0 19-605-5F 15.4 10:51 11:49 0:58 34.1   Y 
51 5/24/2019 5F 0 19-606-5F 15.4 10:51 11:51 1:00 34.6   Y 
51 5/24/2019 4C 0 19-607-4C 15.4 10:51 11:47 0:56 34.0   Y 
52 5/24/2019 3B1 72 19-594-5F 15.7 12:33 13:34 1:01 35.0 35 0.4 Y 
52 5/24/2019 3B2 72 19-595-5F 15.9 12:33 13:34 1:01 35.0 38 0.5 Y 
52 5/24/2019 1B1 24 19-598-5F 15.9 12:33 13:33 1:00 34.6 40 0.7 Y 
52 5/24/2019 1B2 24 19-599-4A 15.8 12:33 13:33 1:00 35.1 27 0.2 Y 
53 5/24/2019 4E 0 19-608-4E 16.0 14:27 15:27 1:00 34.4   Y 
53 5/24/2019 4A 0 19-609-4A 16.2 14:27 15:26 0:59 34.8   Y 
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53 5/24/2019 4C 0 19-610-4C 16.3 14:27 15:25 0:58 34.6   Y 
53 5/24/2019 4A 0 19-611-4A 16.2 14:27 15:26 0:59 34.7   Y 
54 5/25/2019 2B1 48 19-600-4E 15.2 9:45 10:46 1:01 34.6 34 0.3 Y 
54 5/25/2019 1B3 24 19-604-4A 15.4 9:45 10:52 1:07 35.7 41 0.7 Y 
54 5/25/2019 1B4 24 19-605-5F 15.4 9:45 10:47 1:02 34.6 38 0.4 Y 
54 5/25/2019 2B2 48 19-601-4C 15.4 9:45 10:48 1:03 35.0 28 0.1 Y 
55 5/26/2019 2B3 48 19-606-5F 15.5 10:52 11:53 1:01 35.0 40 0.6 Y 
55 5/26/2019 2B4 48 19-607-4C 15.7 10:52 11:53 1:01 35.0 31 0.3 Y 
55 5/26/2019 4A 0 19-612-4A 15.7 10:52 11:52 1:00 34.7   Y 
55 5/26/2019 4A 0 19-613-4A 15.7 10:52 11:52 1:00 35.4   Y 
56 5/27/2019 2B1 24 19-612-4A 15.5 10:24 11:27 1:03 35.0 33 0.2 Y 
56 5/27/2019 4B1 72 19-608-4E 15.7 10:24 11:27 1:03 35.0 30 0.2 Y 
56 5/27/2019 4B2 72 19-609-4A 15.7 10:24 11:25 1:01 35.0 32 0.2 Y 
56 5/27/2019 4E 0 19-614-4E 15.7 10:24 11:26 1:02 35.3   Y 
57 5/27/2019 4B3 72 19-610-4C 15.5 12:06 13:05 0:59 35.0 30 0.2 Y 
57 5/27/2019 4B4 72 19-611-4A 15.6 12:06 13:05 0:59 35.6 38 0.4 Y 
58 5/29/2019 3B4 48 19-614-4E 15.7 10:46 11:44 0:58 34.8 32 0.2 Y 
58 5/29/2019 2B2 72 19-613-4A 15.7 10:46 11:44 0:58 35.6 34 0.2 Y 
 26 
Hatch Date 7/8/2018 27 
Entry Date to the lab 8/16/2018 28 
Acclimatization Date 3/25/2019 29 
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